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PREFACE. 



This little volume does not profess to be a complete 
handbook of physical practice. That place is well filled 
by the last German edition of Kohlrausch, by Stewart & 
Gee, and others, all of which, it is presumed, are found 
upon the reference shelves of every physical laboratory. 
It has been our aim, rather, to put in compact and con- 
venient form such directions for work and such data 
as will be required by the student in his first year in the 
physical laboratory. 

This course presupposes such a knowledge of the prin- 
ciples of physics as can be gained from a course of general 
lectures, supplemented by a good textbook. It has been 
found practicable to carry on the course parallel with the 
lectures by occupying the first month of the year with 
simple measurements, so as to allow the remainder of the 
work to be taken up after the principles involved have 
been traversed in the lectures. 

The exercises in Part I. are essentially those included 
in the Practicum of the best German universities, except 
that a few of the more difficult and those requiring appa- 
ratus too expensive to be duplicated are reserved for the 
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iv PREFACE. 

second year's work. They are exclusively quantitative; 
our own experience having confirmed us in the opinion 
that illustrative experiments are best confined to the lec- 
ture-room, while quantitative work, on the part of the 
student himself, is admirably adapted both to arouse and 
maintain his interest, and to cultivate habits of accuracy 
and thoroughness. 

These experiments have heretofore been performed 
by our own students, working from manifolded copies. 
While putting them in more permanent form, we have 
thought best to add such suggestions with regard to com- 
putations and some of the more important physical manip- 
ulations as would make unnecessary the purchase by the 
student of a second laboratory manual. This information 
has, for convenience, been put at the end of the exer- 
cises, and comprises Part II. 

The apparatus required for the exercises is for the 
most part inexpensive, or such as is found, or can be 
readily made, in any well equipped laboratory. 

Part III. contains in tabular form such data as will be 
needed by the student in making his computations and 
verifying his results. The logarithmic and trigonometric 
tables are preceded by brief directions for their use. 

Except in certain details, no special claim is made to 
originality in the matter presented in the book. Among 
' the works consulted in its preparation are the manuals of 
Kohlrausch, Stewart & .Gee, Wiedemann & Ebert, Sabine, 
and Nichols. In the preparation of the tables we have 
followed largely Kohlrausch, the Smithsonian Tables, and 
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the new edition of Landolt and Bomstein. In the niathe- 
mp^tieal tables the arrangement used in Bottomley's Four 
Figure Mathematical Tables and Nichols's Laboratory Man- 
ual has been followed. To all of these authors we wish 
here to express our obligations. 

Our thanks are especially due to Prof. Benjamin W. 
Snow for many valuable suggestions in the preparation of 
Part IL, and to Professor Snow and Prof. Chas. S. Slichter 
for assistance in reviewing the manuscript. 

We shall esteem it a special favor on the part of 
physicists if they will call our attention to any errors or 
to any obscurity of expression which may come to their 
notice. 

LOUIS W. AUSTIN. 
CHABLES B. THWING. 
Madison, Wisconsin, 
September^ 1896. 
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INTRODUCTION. 



The object of the experiments described in the follow- 
ing course is to teach the student the use of the instru- 
ments and the methods of observation employed in physical 
measurements, and to introduce him to such methods of 
work as will fit him at a later period to undertake original 
investigation. 

Before beginning an experiment the directions should 
be read carefully, and the apparatus examined until its use 
is fully understood. 

The most essential part of a physical measurement is 
the making of one or more observations, upon the accuracy 
of which depends the value of the results obtained. The 
following are some of the most conunon errors of observa- 
tion, with some suggestions concerning methods of avoid- 
ing them. (1) Error of the zero: Let the first 
reading taken be the zero. If this is found to 
be other than • the zero of the scale, the amount of vari- 
ation should be determined, and the correction applied to 
the observed readings. (2) Error of parallax : All obser- 
vations should be made with the eye in a line normal 
to the surface at the point observed. In reading a ther- 
mometer, for example, if the eye be above or below the 
normal, the position of the mercury with reference to the 
scale will appear to be lower or higher than is actually 
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2 iNTRonucTioy. 

the case. Since the object to be measured is seldom 
ill actual contact with the scale, nearly all naked eye 
observations are liable to this error. (3) Errors of preju- 
dice : Let every observation made be wholly uninfluenced 
by any previous observation, either of your own or of 
others. It is, when possible, well to cover the scale when 
setting an instrument. (4) The effect upon the result of 
accidental errors may to a great extent be eliminated 
by taking the average of a large number of observations 
of the same quantity. 

In general no observations should be rejected on 
account of any suspected error, unless the cause of the 
Rejection of crror is evident. It is allowable, when there 
Observations. q^j.q gome discordaut observations in a series, to 
compute two results, one in which all the observations are 
included, and another with the suspected observations 
thrown out. Every observation taken in the series, how- 
ever, should always be given ; and, if any are not used, 
the reasons for excluding them should be explained. 

Often, when the final result sought is not measured 
directly, but is derived from the observations by means 
BeutiTe of a formula, errors in some of the observations 
imiK^tance ^jjj hdive a much greater effect on the result 
obeervatione. than in othcrs. Such observations must be 
taken with proportionately greater care and accuracy. 
This question should always be considered before an 
experiment of this sort is begun. For example, in Exer- 
cise 20, an error in the measurement of X or A will affect 
the result much more than an error in measuring I or b. 
The measurement of these quantities must therefore be 
taken with especial pains. 

On most instruments the smallest divisions of the 
scale are large enough so that tenths of these divisions 
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may be estimated with the eye. This estimation, though 
not alwajrs perfectly accurate, will give more 
correct results than as though the fraction o*Tenth»'! 
were neglected. 

A complete and orderly record of all work done should 
be preserved in the form of a permanent notebook.* The 
following is the logical order of recording the j^^^rd of 
work : — work. 

(1) The object and method of the experiment. 

(2) A working description of the apparatus used. 

(3) The record of every observation made, including 
all incidental facts, such as temperature of the room, height 
of the barometer, or the like, which might in any way 
affect the results observed. The actual observations are 
here meant. Thus, if the student is finding the difference 
in time between two events, he should note in his book the 
actual time of the first and the second, not the difference 
directly, which is a derived result found by subtracting 
the time of the first from that of the second. All related 
observations should be recorded in tabular form, and a 
curve platted where graphic representation is desirable. 
The drawings should be numbered consecutively and the 
parts lettered, so that they may be referred to in the 
description. 

(4) A discussion of the results obtained. For all 
multiplications and divisions not easily performed in the 
head, logarithms should be used. Since the comput*- 
degree of accuracy possible to be attained in "°*^** 
any experiment is limited by the instruments and methods 
used, it is useless to carry the calculations to a larger 
number of places of figures than is warranted by the 

* The original observations should not be trusted to loose sheets of 
pa^er, but be put down at once in a temporary notebook. 
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refinement of the observations. All results obtained by 
calculation may be given to three places of figures, unless 
otherwise indicated in the exercises. The number of 
places of figures to be given in the result will be in every 
case one place more than the limit of required accuracy. 
By "number of places" is meant the number of signifi- 
cant figures. Thus the results 1900. and 0.0022 are both 
given to two places of figures. 

In order that all the figures given in the result may be 
free from errors of calculation, the computations should 
be carried one place farther than the number of places 
to be given in the result. If the result is to be given to 
four places of figures, for example, all figures beyond the 
fifth place should be dropped throughout the computa- 
tions. When the first figure dropped is five or more, one 
must be added to the last figure retained. 

The greatest care should be taken to avoid numerical 
errors, either in copying or in calculation. All computa- 
tions should be gone over at least twice, even if the result 
obtained appears to be the one desired. 

The significance of a series of related results may 
often be brought out more fully by platting them in 
Graphic Rep- ^^^ form of a curvc. For example, suppose 
resentation. ^"j^^^^ ^q Sensibility of a balance for varying 
loads was found to be as follows: — 



LOAD. 


SEJfSIBILITV. 


LOAD. 


SENSIBILITY 


g. 


1.640 


50 g. 


1.512 


10 " 


1.800 ' 


60 " 


1.390 


20 " 


1.858 


80 " (1.28) 


1.188 


30 " 


1.798 


100 *« 


1.022 


40 " 


1.662 







In platting th6 curve (see Fig. 1), it is desirable to 
choose our units of length along each axis of such .di- 
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mensions, that the curve shall as nearly as possible occupy 
the whole of the sheet of paper on which it is traced. In 
our example we chose 2 mm. as the length upon the axis 
of X corresponding to a weight of one gram, and 2 mm. as 
the length on the axis of Y corresponding to 0.01 of a 
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scale division. Since our lowest value for the sensibility 
is above 1, and our highest below 1.9, we should so lay off 
our paper that these values lie respectively near the 
bottom and the top of the sheet. 

In cases where the curve is regular, that is, where 
the quantities vary according to a definite law, the curve 
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will enable us to determine, with considerable accuracy, 

values intermediate between those obtained by direct 

^^ ^^ observation. Thus we see that the point on 

interpoia- the curvc Corresponding to a load of 35 g. is 

1.724, and for all practical purposes this may 

6e taken as the correct value. 

Another use of the curve is to call attention to inaccu- 
rate observations. Thus, if a point lies at some distance 
_ out of the general direction of the curve, it is 

The Ourre aa ° , 

a Check on likely that the observation is in error. In the 
example the sensibility for a load of 80 grams 
was in error, due to a mistake in division. The corrected 
result falls in its proper place on the curve. 



PART I. 

PHYSICAL MEASUREMENT. 



MEASUREMENT OF EXTENSION. 



THE VERNIER. 

The vernier provides a method of estimating fractions 
of the smallest divisions of a scale with much greater 
accuracy than is possible with the unaided eye. It con- 
sists of a movable scale which slides upon the fixed scale. 
In the common form of straight vernier the movable or 
vernier scale is divided into ten divisions, each of which 
is 0.9 of a division of the fixed scale. (See Fig. 2.) 
When the quantity measured is an exact number of divis- 
ions of the fixed scale, the first and last divisions of the 
vernier, and those only, will coincide with divisions of the 
fixed scale. If the quantity measured is not an exact 
number of scale divisionis, the fractional part of a division 
may be determined as follows : — 

Observe which division of the vernier coincides with a 
division of the fixed scale. The number of this division 
of the vernier will be the number of tenths of a scale 
division to be added to the reading of the fixed scale to 
give the exact measurement. For example, the exact 
length of the object measured by the vernier gauge 
shown in Fig. 2 is 12.5 mm. This is true, since each 
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division of the vernier being yV shorter than the divisions 
of the scale, division 4 of the vernier must be 0.1 mm. to 
the right of division 16 of the scale. In like manner, 3 
of the vernier is 0.2 mm. to the right of 15 of the scale, 
division 2 of the vernier 0.3 mm. to the right of 14 of the 
scale, division 1 of the vernier 0.4 mm. to the right of 13 
of the scale, and of the vernier, which is the point 
measured, is 0.5 mm. to the right of 12 of the scale. 

The vernier gauge, Fig. 2, consists of a graduated 
steel scale having a fixed jaw at one end and a movable 
jaw arranged to slide slong the scale always parallel to 
the fixed one. When the jaws are closed, the zero of the 
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Fig. 2. 

vernier coincides with the zero of the scale. A set screw, 
S^ attached to the movable jaw, enables it to be set in any- 
desired position. 

Exercise 1. — To meaaure the length and diameter of a 

cylinder. 

First close the jaws, and note the correction, if any, 

for zero. To measure the diameter, place the cylinder 

between the jaws, close them with a gentle pressure, set 
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the screw, and take the reading. Next make a second 
measurement along a diameter at right angles to the first. 
Make five pairs of such measurements at about equal dis- 
tances along the length of the cylinder. Then average 
results, and apply the correction for zero. 

Example : — 

MEASUREMENTS. DIAMETERS. 

1 12.4 

2 12.5 

3 12.4 

4 12.5 

5 12.3 

6 12.4 

7 12.4 

8 12.4 

9 12.3 

10 , . 12.4 

Average 12.36 12.44 12.4 

Error of zero 2 

12.2 



THE BAROMETER. 

The most common form of mercurial barometer is that 
of Fortin. (See Fig. 3.) By the height of the barome- 
ter is meant the difference in height of the two mercury 
surfaces, S and S'. The zero of the scale is the tip of the 
ivory point, jp, which projects into the cistern. Hence, that 
the scale may measure the height of the column, the sur- 
face, aS, must be adjusted by means of the adjusting-screw, 
a, till the ivory point touches the surface of the mercury. 
The reading is taken on the vernier, F", which is moved 
by means of the milled head, w, till the light reflected 
from the white background disappears at the middle point 
of the surface, aS". To prevent parallax the vernier is 
graduated on a movable tube. The eye is in the proper 
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^ 
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position for reading when the front lower edge 
of this tube appears to coincide with the back 
lower edge. The vernier differs from the form 
already described, only in that the ten divisions 
are subdivided into halves. It is possible to 
read to 0.05 mm., since 20 of these half divis- 
ions correspond to 19 mm. on the scale. For 

example, the reading of the vernier in 

Fig. 3 is 762.15 mm. 



- 78 



m 




Fig. 3, 



Exercise 2. — To take a series of 
readings of the barometer. 

Adjust the height of the mercury 
in the cistern. Once adjusting is suf- 
ficient during the time of the exercise. 
Take readings every ten minutes for 
an hour. Each reading should be the 
- ~ ^7 mean of three independent settings of 
the vernier. Record the time (date, 
hour, and minute) of making the obr 
servations. Tabulate the results, and 
plat them in a curve, using time as 
abcissas and the height of the baro- 
yg meter as ordinates. 



Corrections, — (o) For temperature. The 
true height of the barometer is its height at 0° C. Since 
mercury expands 0.00018 of its vohime for each degree C, 
the true reading at zero would he : b = h — 0.00018 '^'f, 
where h = the observed height and t = the temperature. 
A further correction is made necessary by the expansion 
of the brass scale, if it be graduated for 0° C. Brass ex- 
pands 0.000019 of its length for each degree. With this 
correction we have 

& = ^ - (0.00018 - 0.000019) -^i-t. 
(See Table 13.) 
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(6) For capillarity. A correction is sometimes added, especially if 
the barometer tube is of small diameter, for capillary depression. The 
amount of this for different diameters is given in Table 13. 



THE MICROMETER. 

A still more exact instrument than the vernier for 
measuring small dimensions is the micrometer, the prin- 
cipal forms of which are the micrometer gauge, the 
spherometer, the filar micrometer, and the dividing 
engine. 

The micrometer gauge (Fig. 4) consists of a bent 
arm, one end of which is threaded to receive a screw, the 




Fig. 4. 

other end containing an adjustable stop, S, The head of 
the screw is divided into equal parts for reading fractions 
of a turn. The longitudinal scale on the frame is divided 
to mms. If the distance between the threads of the screw 
be i mm., the screw will advance 1 mm. for every two 
turns. If the head be divided into fifty parts, turning 
through one of these divisions will advance it 0.01 mm. 
If the distance between the threads be 1 mm., the head 
will usually be divided into one hundred parts, and will 
read to 0.01 mm. as before. 
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Exercise 3. — To measure the diameter of a steel rod. 

First bring the screw and stop in contact with a gentle 

pressure. A uniform pressure may always be obtained by 

grasping the head of the screw loosely in the 

fingers, and turning till the fingers slip. If the 

zero is not found to be correct, it should be 

corrected by adjust- 
ing the stop, or 
correction must be 
made for the error 
of the zero in re- 
cording the meas- 
urements. Find the 
average of a series of ten 
readings at equal distances 
along the length of the rod. 

The spherometer (Fig. 5) 
consists of a tripod, tiie legs 
of which form an equilat- 
eral triangle, with the screw 
in its centre. The head of 
the screw is enlarged to form 
a disk, which, if the pitch of 
the screw be J mm., is divided 
Fig, 5. into 500 parts. The instru- 

ment will then read to .001 
mm. The number of turns of the screw is read from the 
vertical scale, S. It is of the greatest importance to deter- 
mine the instant of contact with precision. For this pur- 
pose the instrument is often provided with a pointer, P, 
which rises at the instant of contact. When this device 
is not provided, the instrument will, when the screw has 
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been turned a little too far, begin to rock and perhaps 
revolve with the screw. The screw must then be turned 
back till this motion ceases, when all of the four feet will 
be in contact with the surface. 

JExerdse 4. — Afeaaurement of the thickness of a small glass 
plate "With the spherometer. 

First place the instrument upon a large piece of plate 
glass, and determine the zero * readings from a series of 
five observations taken on different parts of the plate. 
Next raise the screw, place the glass plate to be measured 
under it, and take a series of readings • on the plate at 
about equal distances apart. The average of these read- 
ings minus the average zero reading will equal the aver- 
age thickness of the plate. 

Exercise 5. — Radius of curvature of a lens with the sphe- 
rometer. 

Without special appliances, only lenses of a diameter 
large enough for the spherometer to stand upon can be 
measured. Raise the screw till it is not in contact when 
the spherometer is placed upon the lens, then take 5 read- 
ings of the position of the contact screw for different points 
upon the lens. The average of these readings subtracted 
from the zero reading will give the height, h (see Fig. 6), 
of the point of contact of the screw, jp, above the plane of 
the other 3 points. If d be the distance from the point 
of the screw to each of the other 3 points, when they are 
all in the same plane, then by geometry the radius — 

h^ + d^ 



E= ■\/d^+ (E - liy = 



2h 



* Since the instrument is used for measuring both concave and convex 
spherical surfaces, the " zero reading " will lie near the middle of the scale. 
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Since the distance between the fixed legs, Z, is larger than 
rf, it can be measured more exactly. By geometry, — 



d=^ 



vr 



Then in terms of Z, — 



2 ^ 6 A 

To obtain Z, place the instrument upon a smooth sheet of 
paper, and press it down slightly to get the impressions 
of the 3 points. The distance I may then be measured by 
means of the vernier gauge or dividers and scale. Since 
the legs may not form a perfect equilateral triangle, the 
average of the three measurements is to be taken. For a 
concave lens, A is a negative quantity; and the formula 
remains the same, with the exception that R is negative. 

Give result to four places of figures. 

The filar micrometer consists of a micrometer screw 
which is arranged to move a fine thread across the field of 
view of a microscope or telescope. The number of turns 
is usually indicated by a scale at one side of the field. 
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Exercise 6. — To determine the constant of a filar microm- 
eter, and to measure the diameter of a small object. 

When the instrument has a constant focus, as in the 
microscope, proceed as follows : Focus the instrument on 
a standard scale, and determine from a series of trials the 
number of turns of the screw required to move the thread 
over 1 mm. of the scale. The reciprocal of this number 
will be the apparent distance passed over by the thread 
for each turn of the screw. This number expressed in 
decimals of a mm. is known as the constant of the fflar 
micrometer. To measure the diameter of a small object, 
turn the screw till the thread exactly coincides with the 
right-hand side of the object. Note the reading, and turn 
the screw till the thread coincides with the left-hand side. 
When possible, the average of a number of readings, with 
the object in different positions, should be taken. 

Caution. To avoid any error from lost motion due to the 
screw fitting too loosely in its nut, the thread should always be 
brought to the position for measurement by a forward motion 
of the screw. The same precaution should be observed in any 
instrument where lost motion is possible. 

The dividing engine consists essentially of a sliding 
table, upon which the object to be measured rests. This 
table is propelled by a micrometer screw, and above it is a 
stationary microscope provided with cross-hairs in the eye- 
piece for accurately sighting upon a point of the object to 
be measured. 

Exercise 7. — To calibrate a scale "with the dividing engine. 

Clamp the scale firmly to the sliding table parallel to 
its direction of motion, and turn the screw till the zero 
point of the scale coincides with the intersection of the 
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cross-hairs ; note the reading, and turn the screw till the 
first division of the scale coincides with the cross-hairs. 
Take similar readings on the remaining scale divisions. 
Knowing the constant of the 
screw, the actual values of the 
scale divisions are then known, 
and a table of corrections for the 
scale may be formed. 

If the dividing engine is to be 
used for ruling scales, a cutting 
instrument will be substituted for 
the microscope. In this case the 
successive distances turned by the 
screw are regulated by a ratchet 
wheel, which may be so divided 
as to give divisions of any de- 
sired length. For a more com- 
plete description of the dividing 
engine the student may consult 
Stewart & Gee. 

THE CATHBTOMBTBR. 

The cathetometer (Fig. 7) is 
an instrument for measuring ver- 
tical distances less than a metre. 
It consists of a heavy vertical bar, 
B^ upon which is ruled a scale. 
This bar is supported upon a 
tripod provided with levelling 
screws, and is capable of rotation about a vertical axis. 
A telescope, y, to which is attached a spirit level, is sup- 
ported upon a carriage, (7, which slides upon the bar, jB, 
and may be clamped at any point upon it by means of a 
t screw, D. 




Fig. 7. 
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The following adjustments are necessary : — 

1. The intersection of the cross-hairs in the eyepiece 
must be in the line of collimation of the telescope. To make 
this adjustment, set the telescope upon a dot so that the 
point of intersection of the cross-hairs appears to coincide 
with it, and rotate the telescope about its own axis. If 
the point of intersection moves from the dot, it must be 
brought half-way back by means of the screws supporting 
the ring which carries the cross-hairs, and the remaining 
half-way by moving the telescope vertically by means of 
screw E. Repeat this operation until the point of inter- 
section remains upon the dot while the telescope is 
rotated. 

2. The level rmcst be parallel to the axis of the telescope. 
First adjust the telescope screw, S^ which controls the 
angle between the telescope and the bar until the bubble 
is in the middle of the level tube, then reverse the tele- 
scope, turning it end for end in its Y^ ; and if it is 
not found to be level in its new position, bring it half- 
way back by means of the adjusting screws of the level, 
and half-way by means of the screw S. Repeat until the 
bubble remains in the centre in both positions. In observ- 
ing the level note the position of both ends of the bubble. 

3. The telescope must be at right angles to the bar^ and 
the bar must be vertical. Unclamp B^ and turn it until the 
telescope is in a line parallel to the line joining two of the 
levelling screws, for instance, A^ and A^ ; clamp it and 
level the telescope; then turn B through 180°, and bring 
the telescope back to level partly by adjusting A^ and 
^, and partly by the screw 8. Now turn B through 
90°, and level again, using A^. Repeat until the bubble 
remains in the middle of the tube during a complete 
revolution. 
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Exercise 8. — To measure the difference in height of two points. 
Loosen the clamp 2>, support the telescope carriage 
with the hand, and raise or lower it till it is nearly on a 
level with one of the points to be observed. Set the 
clamp 2>, rotate the bar till the vertical cross-hair coin- 
cides with the point, and clamp the bar. The telescope 
may now be adjusted by the slow-motion screw U till the 
horizontal cross-hair coincides with the point, and the read- 
ing taken by the scale and vernier. By exactly the same 
proceeding the height of a second point may be deter- 
mined. The difference between the two readings will be 
the vertical distance between the two points. 
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THE BAIiANCB. 

The balance is an instrument for comparing masses. 
It consists essentially of a beam which is capable of rota- 
tion at its centre upon a knife-edge which rests upon an 
agate plate fixed at the top of a supporting central column. 
At the ends of the beam, at equal distances from the centre, 
are supported, also by means of knife-edges and agate 
plates, two pans which carry the masses to be compared. 
By means of the arrestment, a, operated by the milled 
head, M, the weight of the beam is taken from the knife- 
edges whenever the balance is not in use. In the best 
balances there is also provided an arrestment for the pans, 
which is operated in connection with the arrestment for 
the beam, but is sometimes operated separately by a push 
button, 6, placed at the left of the milled head. The 
pointer, p^ connected with the beam, swings over a grad- 
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uatea scaie at the bottom of the pillar, P. To avoid 
negative readings the centre of the scale is counted as 10, 
the zero being at the left. On account of the incon- 
venience of handling very small weights, the beam is grad- 




Fig. 8. 



uated, and a wire rider provided, which may be dropped 
at any point on the beam by means of the lever, Z, without 
opening the case. If the twelfth division of the arm 
comes directly over the point of support of the pan, it is 
evident that the rider must weigh twelve mg., for in this 
position it has the same moment as when placed in the 
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pan. Its effective moment at any numbered division will 
then be the number of mgs. indicated at that division. 

The large weights in a set are marked in grams. The 
small weights, if marked in decimals, are fractions of a 
gram, if marked in whole numbers, milligrams. The set 
is so made up that it is possible by proper combinations 
of the weights to make any desired weighing. The small 
weights of a set should consist of : — 

One 500 mg. Two 100 mg. One 20 mg. 

One 200 ** One 50 " Two 10 " 

If no rider is used, there should also be, — 

One 5 mg. Two 2 mg. One 1 mg. 

Since the mixing of weights from the different sets is a 
cause of great inconvenience in the laboratory, the weights 
of one set should never be taken to use with those of 
another. 

No greater load should ever be placed on a balance 
than can be weighed with the weights in the set which 
goes with it. 

GENERAL RULES FOR THE USB OP THE BALANCE. 

1. See that the rider is free from the beam, so as not to 

touch it during the swing. 

2. Determine the zero point anew before each weighing. 

The zero should not vary more than one scale 
division from the centre. 

3. Do not stop the swings of the beam with a jerk. This 

is best avoided by raising the arrestment just as 
the pointer is crossing the centre of the scale. 

4. Always handle the weights with the pincers, not with 

the fingers. 
6. Never completely lower the arrestment when the 
equilibrium is not perfect enough to prevent the 
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centre of swing of the pointer being more than 
five divisions from the centre of the scale. A very 
slight lowering will be sufficient to determine 
this. 

6. Raise the arrestment whenever weights are to be 

added or removed. 

7. Place the object to be weighed in the centre of the 

left-hand pan, the large weights in the centre of 
the other pan, adding the small weights in the 
order of their size. 

8. In observing the swings, the case must be closed to 

prevent air-currents, and the observer should take 
a central position to prevent parallax. The 
swings should not be more than five divisions in 
length. 
9. Substances liable to injure the pans must be weighed 
in a watch-glass or glass beaker, volatile sub- 
stances in a stoppered bottle. 
10. When the weighing is finished, raise the arrestment, 
lift the rider, put the weights in their respective 
places in the box, and close the case. 

The above rules are very important, and should be 
carefully remembered. 

Note. — Since the weight of a body, when measured with Jhe lever 
balance, is proportional to its mass, the word weight will be used in its 
commonly accepted sense of mass, except when otherwise indicated. 

Exercise 9. — To determine the zero of the balance. 

As it is a waste of time to wait for the pointer to come 
to rest, the position of equilibrium may be determined by 
observing the extreme position of the pointer for three 
successive swings. Since the length of the swing is grad- 
ually growing less, -the average of the first and third of 
these swings will be as far to one side of the zero as the 
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second is to the other; hence the average of the meam of the 
right-hand readings with the mean of the left-hand read- 
ings will be the zero point. A somewhat more exsCct value 
may be obtained by taking five swings instead of three. 
Example: — 

READINGS. 
LEFT. RIGHT. 



8.8 
0.2 
9.4 



11.7 
11.4 



Average 9.13 11.55 

Zero 10.34 



Exercise 10. — To determine the senaibility of the balance. 

The sensibility for any load is defined as the difference 
in reading on the scale produced by placing an overweight 
of one mg. in one pan, when the balance has a weight in 
each pan equal to the given load. 

Place the weight for which the sensibility is desired, 
say 10 g., in each pan, and find the position of rest of the 
pointer by the method of swings described above. Sup- 
pose this was 10.32. Now, with the rider add 2 mg. to the 
weight in the right-hand pan and again find the point of 
rest. Suppose it to be 7.62. The difference of these two 
readings divided by 2 will give the difference for 1 mg., or 
the sensibility. 

(10.32 - 7.62) /2 = 1.4 divisions. 

In this way find the sensibility for loads of 0, 10, 20^ 
50, and 100 grams. Tabulate the results and plat a curve. 
(See general directions, p. 5.) 

Exercise 11. — To perform a weighing. 

Place the object to be weighed in the left-hand pan 
and place weights in the other, and adjust the rider until 
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the point of rest, determined by swings, is not more than 
one or two divisions from the zero. Then determine the 
sensibility for this load by adding or subtracting 2 mg., as 
in the preceding exercise. If a ouxve of sensibility for 
this particular balance has been drawn, the value for this 
load may be determined by interpolation from the curve. 
The difference between the zero and the above point of 
rest, divided by the sensibility, will give the amount in 
milligrams to be added or subtracted to bring the pointer 
to zero. 

Example: — 

Suppose that with a weight of 23.465 g. the point of 
rest is 7.3 and that the zero is 10.12. If the sensibility 
for this load is 1.3, the weight, which must evidently in 
this case be subtracted, is — 

(10.12 - 7.3) / 1.3 = 2.17 mg., 

and the true weight is — 

23.465 - 0.00217 = 23.46283 g. 

Give result to hundredths of a mg. 

Double weighing and the determination of the ratio of 
the arms of a balance. Weighings are usually performed 
on the supposition that the arms of the balance are exactly 
equal, a condition which is never perfectly fulfilled. The 
error due to the inequality of the arms may be eliminated 
by weighing the body first- in one pan, and then in the 
other, and taking the mean of the two values. 

The necessity of making double weighings on any one 
balance may be avoided by determining once for all the 
ratio of its arms. This ratio can be calculated from any 
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double weighing. Suppose an object when weighed in the 
left-hand pan has an apparent weight, W^ and in the right- 
hand pan an apparent weight, TT', and that the length of 
the corresponding arms are L and R. From the principle 
of moments, if w is the true weight of the body, — 

1) BW = Lm 

2) LW^Rm, 
multiplying, ^ ^ ^^__, 

which for a small variation of the arms is neariy — 

m = ( fT + fT') / 2. (See page 123.) 
Dividing Eq. 1 by Eq. 2, we have the ratio of the arms : 



R/ L = ^W' / W=^l + {W -W)/ W 

= 1 + [w' -W)/2W, nearly. 

Letting 1 + (TT' - Tr)/2Tr= c, then c will be a con- 
stant, since R/ L is a, constant, and the true weight, w, of 
any body will, from Eq. 1, be the apparent weight TT times 
the correction constant <?, or 

m r= Wc, 

Weight in vacuo. According to the principle of Archi- 
medes a body weighed in a fluid is buoyed up by a force 
equal to the weight of the fluid which the body displaces. 
If a substance more or less dense than brass be weighed 
with brass weights, it will displace a smaller or greater 
volume of air than is displaced by the weights. Hence 
the true weight of a body caj;i only be found by finding 
its weight in vacuo. This can be done as follows: — 

Let the weight of the body in air be w^ its density rf, 
the density of the weights S, and the density of the air A.. 

Volume = Mass / Density. 
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Then, if m is the true weight of the body in vacuo, — 

m (1 - k/d) = w (1 --k/S)] or, 

m = wll - \ / S) ^ (1 - k / d). 

Since k is very small compared with d or 8, we may 
write— m = w(l + k/d-k/S). (See page 123.) 

This correction is often of great importance, since the 
air sometimes introduces an error amounting to 0.006 of 
the whole weight. The values of k for different temper- 
atures and pressures may be found in Table 9. Generally 
the mean, value may be taken as 0.0012, and with this 
value for A. the corrections for brass weights may be taken 
directly from Table 11. 
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The density of a body is defined as the ratio of the 
mass to the volume, that is, the mass of unit volume. In 
the C. G. S. system the unit of mass is the gram, and the 
unit of volume the cubic centimetre. The gram is defined 
as the weight of a cubic centimetre of water at 4° C. 
Hence density or specific gravity may be defined in these 
units as the ratio of the mass of the substance to the mass 
of an equal volume of water. 

(a). Correction for Temperature. — Since the density of water is 
unity at 4° C, in all accurate determinations involving comparisons with 
the mass of water at other temperatures we must calculate from the 
mass of the water at the given temperature the mass of an equal volume 
of water at 4° C. This is done by dividing the mass at the given tem- 
perature by its density at that temperature as given in Table 6. 
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(6). Correction for Loss of Weight in Air, — In all accurate deter- 
minations the reading of the barometer should be taken, and the weigh- 
ings reduced to weight in vacuo. (See p. 24.) 

ExercUe 13. — To determine the density of a regular solid 
from its mass and volume. 

Weigh the body, and find its dimensions as accurately 
as possible. Then if m is the mass, d the density, and v 
the volume, — 

d = m / V, 

Exercise 14 a. — To determine the density of a liquid with 
the specific gravity bottle. 

The Specific gravity bottle is a light glass bottle with 
a ground glass stopper, which is usually provided with a 
small hole to prevent the retention of air-bubbles in the 
bottle when it is filled with a liquid. If the stopper is 
not provided with a hole, the retention of air may be 
avoided by filling the bottle brimful of the liquid and tilt- 
ing the stopper as it is inserted. 

Weigh the bottle empty, being sure that it is perfectly 
dry, fill it with distilled water, and note the temperature of 
the water. Insert the stopper, and invert the bottle to see 
that no air-bubbles are present. Then remove all water 
from the outside with filter-paper, and weigh. Next empty 
the bottle, and rinse it with alcohol, which unites with the 
water, and then rinse with ether, which unites with the 
alcohol. This is volatile, and quickly evaporates and 
leaves the bottle clean and dry. Now fill the bottle with 
the given liquid, and repeat the operations performed with 
the water. Determine the mass of both substances by 
reduction to weight in vacuo, which in this case amounts 
merely to adding the weight of an equal volume of air to 
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the weight of the two liquids. Calculate the volume of 
the water at the given temperature from table 7, and sub- 
stitute in the general formula, d = m/v. 

h. — To determine the density of a solid with the specific 
gravity bottle. 

Determine the internal volume of the bottle as in the 
preceding exercise. Weigh the body in air. Then place 
it in the bottle, and fill the remaining space with water. 
Remove any air-bubbles that may adhere to the body by 
shaking it about in the bottle before the stopper is in- 
serted. Weigh the contents of the bottle, and deduct its 
mass from the mass of the substance plus the mass of the 
water when the bottle is full. This will give the mass of 
the water displaced, or the volume of the body. Substi- 
tute as before in the general formula for density. 

Give results to three places of figures. 

Note. — Beyond this point give all calculated results to three places 
of figures unless otherwise directed, 

DETERMINATION OF THE DENSITY OF SOLIDS BY THE 
METHOD OF IMMERSION. 

The principle of Archimedes furnishes a convenient 
method of determining with great accuracy the volume 
of a solid, no matter how irregular its shape. The weight 
of the body is first taken in air, and then when suspended 
by a fine wire in water. The difference in weight gives 
the volume of the body. The weight of the body in 
water is found by deducting from the weight of the body 
and wire in water the weight of the wire alone immersed 
to the same depth as before. The values thus obtained 
for the mass and volume of the body are then substituted 
in the general formula for density. 
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Uxerciae 15 (a). — Pind the density of copper or lead by 
the method of immerBion. 

Caution, Be careful in all eases to see that no air-bubbles 
adhere to the immersed body. These may be removed by means 
of a small wire or pencil brush, 

(6). — Find the density of cork or paraffine. 

If the solid is lighter than water, it will be necessary 
to add a sinker. The volume of this sinker, as well as 
that of the immersed part of the wire, must be determined 
and deducted from the total volume. 

Solids soluble in water should be weighed in some 
liquid in which they are insoluble. From the known 
density of the liquid the volume of the immersed solid 
may be calculated. Salts in the form of crystals may be 
immersed in a saturated solution of the same salt. 

Exercise 16. — Find the density of alcohol or a saturated 
solution of copper sulphate by the method of im- 
mersion. 

Find the loss of weight of the same body, first in the 
liquid and then in water by immersing a glass ball or 
stopper suspended by a platinum wire. 

The cori-ections for the wire and for the temperature 

J. 

of the water should be made. 



VAPOR DENSITY BY VICTOR MEYBR'S METHOD. 

In this method a quantity of the solid or liquid whose 
vapor density is sought is weighed in a small bottle, B 
CFig. 9), which is provided with a ground glass stopper. 
The glass tube, T, is inside a bath, JT, which contains a 
liquid of considerably higher boiling-point than the sub- 
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stance under investigation. A graduated tube, Gi., filled 
with water is connected with T by the small tube, t. 
The determination is made as follows : The bath, ^, 

is heated until a constant tem- 
perature is assumed ; i.e., until 
no more ^ir-bubbles come up 
through the water in V from 
the tube t, which at first is not 
covered by the graduated tube, 
6r. The cork, (7, is removed, 
and the bottle containing the 
substance is dropped in and 
the cork at once replaced. At 
the same time the graduate is 
placed over t. The bottle falls 
on a bed of asbestos, J., the' substance at 
once assumes the gaseous state, blowing 
out the stopper of the bottle, and expel- 
ling from T a volume of air equal to its 
own volume. This air enters the gradu- 
^^\l/ ate, 6r, expelling some of the water. The 

H number of c.c. of displaced water is read. 

H Let — 




Fig. 9. 



this volume be v, 

the weight of the substance, m, 

the temperature of the water, t, 

the pressure of the displaced air in cm. of mercury, P, 
the height of the water column, A, 

Besides the pressure of the air in Q-^ the're is the pres- 
sure due to the water vapor. P is the sum of these two. 
The density — 



d = 



mass 
volume 
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Since all gases have the same coeflBcient of expansion, 
a = 0.00367, if the gas has a volume v at a temperature 
t and a pressure P, for a temperature 0° and a pressure of 
76 cm. of mercury, the volume — 



1 + 0.00367 • t 76 

Considering the presence of the water vapor, it may be 
shown that, instead of the true coefficient of expansion 
0.00367, 0.004 should be used. If the density is to be 
given in respect to air as unity, since 1 c.c. of air at 
normal temperature and pressure weighs 0.00129 g., this 
density- ^ ^^^^ 1 + 0.004.^ 

v'- 0.00129 V F ' 0.00129 

The pressure, P, is the barometric pressure, J, less the 
pressure of the column of water. A, expressed in cms. of 
mercury. 

13.6 

Exercise 17. — To determine the vapor density of ether. 

Dry the tube, 7, thoroughly by washing with alcohol 
and ether. Place a little dry asbestos in the bottom, and 
immerse in the water bath, IT. Heat this to boiling, and 
wait till the temperature in T becomes steady. Then drop 
the little bottle containing the weighed quantity of ether 
into r, and as nearly as possible at the same time place 
the graduate, Gr^ over t. Calculate the density as above. 
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Exercise 18. — Determination of the acceleration of gravity 
-with the simple pendulum. 

The time of oscillation, t^ of a simple pendulum is ex- 
pressed by the formula — 



=Vp 



9 

where I is the length, and g is the acceleration due to 
gravity. Then — , 

and I and t are to be determined. 

The method of coincidences is a convenient method for 
determining t. An electric circuit containing a sounder 
is arranged so that it is completed only when the pendu- 
lum of the clock and also the pendulum to be compared 
with it are both in the vertical position. The plan of the 
circuit is shown in Fig. 10. A convenient form of mer- 
cury contact is illustrated in Fig. 10, a. The narrow 
slots, «, are kept full of mercury from the larger reser- 
voirs, r. The oxide formed at the contact is knocked 
aside by the wires, and falls into the large grooves, g^ 
thus keeping the surface always clean. This double 
contact makes possible the use of electric connections 
with a thread instead of a wire suspension, thus making 
the pendulum approximate very closely to a simple one. 
To prevent a twisting motion a bifilar suspension is used. 
To start the pendulum with a steady motion, it may be 
drawn aside by grasping the projecting wire, ^^(Fig. 10 J). 
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Set both pendulums in motion. The sounder will be 
heard when both pass through the mercury contacts at the 
same instant. This takes place as often as the longer pen- 
dulum loses one oscillation. Take down the minute and 
the second of each click for five or ten minutes, and find 
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fig. 10. 

the average interval between them. If the sounder at 
any time should fail to work, a double interval may be 
obtained, and should be so reckoned. When the swings 
become very short a series of clicks may be heard at each 
contact. Their average is the time of coincidence. 
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By counting the number of times the simple pendu- 
lum swings in one minute, it may be found whether it 
is shorter or longer than the clock pendulum, which is 
supposed to beat seconds. If the interval between two 
successive coincidences was found to be 24 seconds, and 
the simple pendulum vibrated slotrer than the clock pen- 
dulum, the former must have made 23 beats while the 
latter made 24, or its time of oscillation is f J sec. 

The pendulum is placed in front of a scale graduated 
upon a mirror. The length of the pendulum is the aver^ 
age of the distances from the point of suspension to the 
top and bottom of the ball. If the observation be made 
with the eye in such a position that the edge of the ball 
exactly coincides with its image in the mirror, there will 
Ije no error of parallax. 

The above formula for t is only true for a very small 
arc. The error for an arc of 5° is .0006, and may there- 
fore be neglected. This corresponds on a pendulum a 
little over a metre long to about 12 cm. This amplitude 
should not be exceeded in the experiment. 

Give results to four places of figures. 

For a pendulum about a metre long the ball should 
not exceed a diameter of 2 cm. Otherwise a correction 
must be made for the moment of inertia of the ball. For 
a ball of radius, r, the corrected length of a pendulum 
whose apparent length is ?, becomes 

5 I 
See Stewart & Gee, vol. i., p. 227. 
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ExercUe 19. — To determine the modalus of elasticity of a 
steel wire by stretching. 

Young's modulus of elasticity is defined as the force 
which would be required to double the length of a 
wire of unit cross-section. The units commonly taken 
are kilograms and square millimetres. The modulus, jE, 
is then^ rp 

la 

Where L equals the length of the wire in mms., 
a equals the cross-sectiou in mms., 
I equals the elongation in mms., 
F equals the force in kgs. 

The quantities to be measured are the length and 
cross-section of the wire and the elongation. The elon- 
gation may be measured conveniently by meaiK of the 
filar micrometer, or by the use of the optical lever, which 
is an application of the mirror and scale. This principle 
is of such importance and of such frequent application 
that a general description of it will be in place here. 

The Optical Lever. — According to the law of reflec- 
tion, the angle made by the reflected ray with the perpen- 
dicular to the I'eflecting surface is equal to the angle made 
by the incident ray with the perpendicular. An observer 
looking through the telescope at the mirror (see Fig. 11), 
in the position aCb^ will see the scale division reflected. 
The perpendicular, P, the incident ray, I^ and the reflected 
ray, iJ, are all in the same plane. If the mirror be turned 
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through an angle, a, to the position a'Cb'^ the incident ray- 
will come from the scale division, 10, and make an angle, 
2 a, with the reflected ray. 



Here the tangent of 2 a = 



E 



where n is the number of scale divisions lor a deflec- 
tion, a, of the mirror, and iZ the distance from the mirror 
to the scale expressed in the same units as n. If iZ is 



czc 



^. 



I 



-Ji. 









Fig. 11. 



large compared with w, the tangent and arc may be taken 
as equal, and we may write — 



tan a = . 

2E 

A convenient form of optical lever for our present pur- 
pose consists of a brass bar, B (Fig. 11 a), heavy enough 
to keep its position upon three needle-points, two of which, 
attached to the support, aS, form the fulcrum, F^ of our 
\ever, the third being attached to the heavy brass ring M'. 
The bar is kept in a constant position on the points by 
means of shallow conical holes at JST, P, P'. To prevent 
lateral motion, the wire passes loosely through a small hole 
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in the plate, M. To the lower side of M are fastened two 
pairs of small rods, between which plays the cross-bar, i, 
thus preventing rotation. If the end of the lever move a 
distance HH' = ?, and the ray of light a distance n, calling 




7^- 



;..B- 



_E 



yr^ 




Fig. 11 CL 



r the length of the short arm of the lever, R the distance 
from the mirror to the scale ; then, by geometry, — 



2~ 



E::l:r. 



To Adjust the Telescope and Scale. — First approach 
the mirror, and, looking into it, determine in what direc- 
tion it is pointed, and adjust it so that it shall face as 
nearly as possible in the desired direction. Then, stand- 
ing by the telescope, move the eye, or the scale, or both, 
until the reflection of the latter is caught sight of. Then 
place the telescope in the position from which the reflec- 
tion was seen, and, sighting over its top, point it at the 
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mirror. When the mirror is found, cnange tne lOCus until 
the scale (which is optically twice as far away as the 
mirror, and hence demands a shorter focus) is distinctly 
seen. Next, to prevent parallax, adjust the cross-wires by 
sliding the ocular, o (Fig. 11), in or out until they are 
plainly seen, and do not seem to move in reference to the 
scale divisions when the eye is slightly moved. 

Measure the length of the wire, X, from the top of the 




Fig. 12. 



ring to the point of support. Measure the diameter of 
the wire, c?, from which compute the area of the cross-sec- 
tion, a. Measure r and i2, and, by the method described 
above, find the scale readings for an addition of 1, 2, 
and 3 kgs., taking the readings both as the weights are 
added and again as they are removed. See that the read- 
ing after the weights are removed is the same as at first, 
so as to be sure that the limit of elasticity has not been 
passed. It should be measured correctly to 10 mm., L 
to 1 mm., r to .1 mm., and d to .01 mm. The value of a 
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scale division should be verified by measuring the length 
of the paper scale. The scale readings should be taken in 
as rapid succession as is consistent with accuracy, to avoid 
changes in the length of the wire due to temperature vari- 
ations. 

MODULUS OF ELASTICITY BY BENDING. 

Exercise 20. — Determine the modulus of elasticity of a 
steel bar. 
If a rectangular bar (see Fig. 12) of width J, and ver- 
tical thickness A, be supported upon two knife edges at a 
distance, X, from each other, and a weight, w^ be suspended 
from its middle point, this point will be lowered by an 
amount L Then, if E be the modulus of elasticity, it may 
be shown that — „ ^ • , 

E = 1 ^^^ 
4 Ibh^ ' 

Measure b and h with the micrometer gauge at inter- 
vals of 10 cm. throughout the length of the bar. Measure 
L with a steel tape or two metre sticks. Take the values 
of I for w = 1 kg., 2 kg., and 3 kg., taking readings both 
as the weights are put on and taken off. A convenient 
means of measuring Z is a micrometer screw attached to a 
fixed support extending over the middle of the bar. The 
instant of contact of the screw may be accurately deter- 
mined by observing the image of some object in a small 
mirror, one end of which rests upon the bar and the other 
upon an adjacent support. 

ELASTICITY OF TORSION AND DETERMINATION OP 
MOMENTS OF INERTIA. 

The torsional pendulum, like the simple pendulum, is 
a case of harmonic motion. Its period is, therefore, — 

1 For the derivation of this formula, which involves the use of the 
calculus, the student is referred to Kohlrausch, or Stewart & Gee. 
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. /Resistance 

\ Force 

In this case the resistance is evidently the moment of 
inertia, /, of the weight, and the force tending to bring 
the pendulum to a position of equilibrium is the directive 
force, r, which is defined as the torsional elastic force of 
the wire, when the angle of torsion is a unit angle. 



(A) « = ^-' 



The modulus of torsional elasticity, /it, often called the 

coefficient of simple rigidity, is proportional to the ratio 

of twisting force to the resulting angular displacement. 

We learn from works on elasticity that the unit angular 

displacement is — ' 

, Z Tl 

^ = T' 

fjLirr* 

where I is the length, and r the radius of the wire. 

From (A) ^=^> 

therefore, for unit angle, j/r = 1= '^ ; and, 

w (^ — ^^> 

where the units used are the kilograms of mass and milli- 
metres. If the kilogram be taken as a unit of weight, not 
mass, we shall have, — 

(Ba) n = -^ = 0.0006405 IL 
kilograms of weight per sq. mm. 

* This formula is only strictly true when the arc is infinitely small. 
Corrections for arcs of any size are given in Table 30. For the theory, see 
KohlrauBch. 
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MOMENTS OF INERTIA. 

The moment of inertia, I, may be determined either 
theoretically, from the dimensions of the body, or experi- 
mentally. 

The moment of inertia of a slender bar of mass w, and 
length Z, about an axis through its centre of gravity at 
right angles to its length is — 

(CO j=^\ 

For a cylinder of radius r, and length Z, about an axis 
identical with the axis of the cylinder, — 

(C) 7=^. 

For an axis at right angles to the axis of the cylinder 
passing through the centre of gravity, — 



(c.) /=-(^ + ^). 



For a sphere of radius r, about an axis through the cen- 
tre, — o 

(C) I=±mr\ 

For a rectangular parallelopipedon of sides Z, 6, and A, 
about an axis parallel to /i, — 



(C,) / = 



12 



If I, be the moment of inertia of a body of mass m, about any axis 
passing through the centre of gravity of the body, la the moment of 
inertia about an axis parallel to the first, and at a distance a, from it, 
it may be proved that — 

/a = / + ma^. 

To determine I experimentally, use may be made of 
the principle of the torsion pendulum. (See p. 38.) 
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For any other moment of inertia /', obtained by adding 
weights,— , , 

^' = 7ri/^; then ^2- ^'2.. /.//^ 

If /' = J+ /i, where I^ is the moment of inertia of the 
added weights, then 



(P) 



1=1, 



^'2 - f' 



TIME OF A PERIODIC MOTION. 

The time of oscillation, ^, may be determined by any of 
the following methods : — 

1. By observing the number of seconds required for 
the pendulum to make 10 oscillations, and dividing this 
number by 10, the result will be given to 0.1 sec. By 
observing the time of 100 oscillations t may be found to 
0.01 sec, etc. The observation can be most accurately 
made when the pendulum is at the middle point of its 
swing, when it is moving at its maximum velocity. 

2. By the method of coincidences explained on p. 31. 

3. By the method of middle elongations. 




Fig. 13. 



Let Figure 13 represent diagranunatically the succes- 
sive positions of a pendulum. The successive passage?* 
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are represented by the figures 1, 2, 3, etc. Midway be- 
tween any two passages the pendulum comes to rest at 
an extreme position, e, called its elongation. The average 
of any two successive passages will give the time of elon- 
gation occurring between them. The average of the time 
of a series of 10 passages will give the time of the fifth, or 
middle, elongation of the series. If a second series of 
observations be taken after time enough has elapsed for 
the pendulum to have made about 50 oscillations, the 
interval between the middle elongations of the two series, 
r, divided by the number of oscillations, n, that took place 
during the interval, will give with great accuracy the time 
of one oscillation. The number of oscillations may be 
conveniently determined as follows : Find an approximate 
value, t\ for f, by dividing the interval between the first 
and ninth passages in any series by eight. 

Then, ~ = u\ 

Since there must have been a whole number of swings 
during the interval 7, any divergence from a whole num- 
ber is due to the error in ^', and n may be taken as the 
nearest whole number to n\ whence — 

n 

An even number of oscillations is taken, so that no 
error may be introduced from the point of passage not 
being exactly half-way between two elongations. 

Methods (1) and (2) can be advantageously used for 
rapid vibrations, method (3) for slower ones. 

If a telescope with cross-hair is used for observing the 
passages, the time of passage may be estimated to tenths 
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of a second by the method described in the following 
exercise : — 



Exercise 21. — (a) To find the moment of inertia, J^ of a 
body and (V) the modulus of torsion, n, of the sus- 
pending "ovire. 

The wire should be clamped firmly at its upper end to a 
fixed support. Upon the weight which is rigidly fastened 
to the lower end of the wire is a vertical mark, the passage 
of which can best be observed by means of a reading tele- 
scope provided with cross-hairs. Find the time of oscilla- 
tion t^ by method (3). The time of each passage of the 
mark past the cross-hair should be noted and recorded in 
hours, minutes, and seconds and tenths of a second. First 
practise counting seconds with the clock till it is possible 
to keep counting at the same Tate for several seconds 
without looking at the clock. 
As the mark approaches the 
point of transit, look through 
the telescope while continu- 
ing to count. Suppose at 2 
hr. 15 min. 24 sec. the mark 
is approaching the cross-hair 
and at 25 sec. has already 
passed it, then the fraction 
of the 24th second at which 
the transit occurred may be . 
estimated from the relative position of the mark with ref- 
erence to the cross-hairs at the 24th and 25th seconds. 
The transit illustrated in Fig. 14 occurred at 2 hr. 15 min. 
24.6 sec. 

Having determined f, add a known moment of inertia, 
/j, and determine the new time of oscillation, t\ If the 




Fig. 14. 
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added weight consists of two equal cylinders of radius p, 
placed on opposite sides of the axis of rotation and with 
their centres at a distance li from it, then, — 

where m is the mass of the two weights. The moment of 
inertia, /, of the original weight is from (2>) — 



/=/i 



f^-t^ 



(J) To find w, the modulus of torsional elasticity, 
measure the length Z, and radius r, of the wire, and substi- 
tute these values and the value for / obtained above, in 

n =^ 0.000U05 ' — . 

According to the theory of elasticity, n is about f Young's 
Modulus, E. 



CAPILLARITY. 



Exercise ^22. — To determine the capiUary bonstant of water. 

The capillary constant, or coefficient of surface tension, 
is defined as the weight of liquid raised above its natural 
level per unit of length of the line bounding the surface 
of the liquid raised. In the case of a tube the weight is 
hvT^dg^ and the line bounding the surface is 27rr, where h 
is the height of the capillary column, r its radius, d the 

* The term ^ mp^ is the value of the moment of the two cylinders 
about their, own axes. If the weights were attached by flexible threads, 
this term would drop out, leaving I^ = mR 2. (See p. 40.) 
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density of the liquid, and g the force of gravity. The 
capillary constant is, then, — 

Ii irr 
To measure r, the radius of the capillary tube. See 
that the tube is perfectly dry, then draw into it a thread 
of mercury about 3 or 4 cm. in length. Measure the 
length of the mercury thread, Z, and weigh the mercury 
carefully in a watch glass. The weight is — 

and 



=Vi3i 



1.55 irl 

where the density of mercury, 8, for 20** C, = 13.55. 

To measure A, first clean the tube with a little nitric 
acid and afterwards 
with water. The 
height may be meas- 
ured by means of 
the apparatus shown 
in Fig. 15. The 
capillary tube is in- 
serted in a hole at 
the centre of the 
little board which 
rests upon the top 
of a crystallizing 
dish. From the 
lower side of the 
board project two 
points, p^ p\ to a 
distance of 2 cm. from the top of the board. A scale is 
attached to the top of the board from which the height 




Fig. 15. 
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of the column is read. The scale is best ruled on a mir- 
ror. The liquid is poured into the dish until its surface 
just touches the points, /?, p' . The final adjustment can 
be made by means of the pipette, P. 

Before taking the reading, lower the tube and raise it 
again, to be sure that it is wet as high as the column will 
rise. 

Give results to two places of figures. 

The foregoing method is adapted to detennining the 
capillary constant of substances which adhere to glass, as 
is shown by their wetting the glass. For substances like 
mercury, which do not wet the glass, the coefficient of sur- 
face tension may be determined from the height of drops 
of the substance resting upon a level surface to which they 
do not adhere. 

Exercise 23. — To measure the surface tension of mercury. 

Meas.ure A, from the level of the widest part of a 
drop * of mercury to its top, with the filar micrometer, — 

which is for mercury — 

a = 6.78 ^2 981. 



VISCOSITY. 



Exercise 24. — To find the coefficient of molecular friction or 
viscosity by the flow through capmary tubes. 

The coefficient of viscosity, ly, is defined as the force 
which tends to prevent the motion of a sheet of unit area 

• The drops should be about 1 cm. wide. 

t For proof, see Wiillner, Experimental Physik, vol. i., p. 332. 
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of the fluid moving with unit 
velocity at a unit distance from 
the side of the containing tube, 
where, of course, the velocity 
is zero. It is evident that, if 
a liquid flows through a tube, 
the volume passing through is 
proportional to f, the time of 
flow, jt?, the pressure forcing it 
through, and inversely propor- 
tional to Z, the length of the 
tube, and 77, the coefficient of 
viscosity. By the calculus it 
may be proved that the flow is 
also proportional to 7rr*/8, where 
r is the radius of the tube. 
Then the volume — 

8 rjl * 

Here the pressure, ^, in abso- 
lute units, equals the height of 
the column of liquid, A, times 
its density, c?, times the acceler- 
ation of gravity, g. Then — 

TTT* hd 981 ^ 

To find the value of 17 
for water, first clean the 
apparatus (see Fig. 16) 
well by pouring through 
water, alcohol, and then 
distilled water. Fill the 





Fig. 16. 
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bulb with the latter, and start it flowing through the 
tube /. When all the bubbles are out of the tube, hold 
a clean glass dish so as to catch the water for a length 
of time t (about 15 or '20 seconds). Then weigh the 
water and find its volume. Measure the length of the 
capillary tube, Z, and find A, which must be taken as 
the average height of the water column at the beginning 
and end of the time, t. The radius, r, is found by meas- 
uring under the microscope the bore of the small piece of 
the tube Z, previously broken off for the purpose. 

From this data 17 may be found by the above formula. 
The temperature, 7, of the water must be taken, as -q varies 
for different temperatures. 

From the above equation, if we have two liquids hav- 
ing the coefiScients rn and -q^t and densities d^, dg, — 

r^.r^.. — :—. 

Therefore, if we have found the value of -q for water, we 
can find the value of the coefficient 17 of any other liquid 
of known density by comparing the volumes of the two 
liquids which flow through the apparatus in equal times. 

In this way determine the viscosity of alcohol. 

Give results to two places of figures. 



HEAT. 



CALIBRATION OF THERMOMETERS. 
Exercifse 25. — To calibrate a thermometer. 

The melting-point and the boiling-point of water are 
taken as the fundamental points in graduating a ther- 



mometer. 
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(a) To determine the zero point. Place the ther- 
mometer in a vessel containing pounded ice which has 
been standing in a warm room long enough to have 
attained the melting temperature. The vessel should 
have a perforated bottom for the escape of the water 
from the melting ice. If the ice was very cold, take a 
second reading some time after the first, to make sure 
that it had reached the melting temperature throughout. 

(6) To determine the 100° point. That temperature 
at which the vapor pressure of the liquid becomes equal to 
the normal pressure of the atmosphere (760 mm^), and at 
which boiling sets in, is defined as the boiling-point. The 
liquid is placed in a flask provided with a cork pierced 
with two holes, one for the escape of the vapor, and the 
other for the thermometer. The bulb of the thermometer 
must be a cm. or more above the surface of the liquid, as 
the temperature sought is that of the vapor, and under 
certain conditions the liquid itself may become somewhat 
hotter than the true boiling temperature. Heat the liquid 
over a Bunsen burner until the thermometer ceases to rise, 
wait J minute, and note the temperature, t. The water 
must not be boiled too vigorously, else the vapor pressure 
in the flask will exceed the pressure of the outside air, 
and the apparent boiling-point will be too high. There 
are two corrections to this reading. 

I. The boiling-point is raised 0.0375° C. for each mm. 
increase in the height of the barometer. Then, to find the 
boiling-point at the standard pressure (760 nun.), there 
must be added to t, 0.0375 (760 — J), where b is the height 
of the barometer in mm. at the time of the experiment. 

II. The reading t is too low, since a part of the mer- 
cury thread is out of the vapor. To find the temperature 
of the part of the thermometer above the cork, place the 
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bulb of a second thermometer against the first, and note its 
temperature, t\ Then, as the relative expansion coeffi- 
cient of mercury in glass (that is, the difference between the 
coefficients of expansion of mercury and glass) is 0.000156, 
if the whole mercury column had been in vapor, the read- 
ing would have been higher by 0.000156 • a • (^ — ^'), where 
a is the length of the mercury column above the cork ex- 
pressed in degrees. The true boiling-point is, then, — 

T=t + 0.0375 (760 - b) + 0.000156 •a-{t- f). 

(c) The most convenient, though not the most accu- 
rate, way to calibrate the intermediate portions of the ther- 
mometer, is to compare it with a standard thermometer. 
The thermometers to be compared are fastened together 
with rubber bands, so that they dip to the same depth in a 
beaker of water or oil, oil being required if the calibration 
is to go above 100°. It is now only necessary to compare 
the thermometer with the corrected readings of the stan- 
dard thermometer. Readings should be taken every ten 
degrees from 0° to 100°, and results given to tV°« 

For absolute calibration of a thermometer, see Kohl- 
rausch. 

In all work in heat, when more than one thermometer 
is used, and accurate readings are required, the thermome- 
ters should be compared as above, and all their readings 
may then be given in terms of one. 

Exercise 26. — To determine the boiling-point of a Uquid. 

Proceed as in determining the boiling-point of water. 
Exercise 25 (J). 

Exercise 27. — To determine the melting-point of a solid. 

Draw out a portion of a small glass tube to a diameter, 
inside, of about 1 mm., and bend the tube as shown in 
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^ = 



l(t' - t)' 



Fig. 17. Melt a portion of the substance to be e^^amined, 
and draw it into the tube. Fasten the tube 
to a thermometer by means of two small rub- 
ber bands, and immerse the lower part in 
water. Heat the water slowly till that por- 
tion of the substance in the capillary part 
of the tube begins to melt, note the temper- 
ature, remove the heat, and again note the 
temperature at which the substance solidifies. 
The moment that the change of state occurs, 
may be known generally by the change of 
color or transparency which takes place in 
the substance. 



COBPPIOIBNT OF EXPANSION. 

The coefficient of linear expansion is de- 
fined as the change in length per unit of 
length for a change of temperature of one 
degree. The coefficient of cubical expan- 
sion is the change of volume per unit of 
volume for a change in temperature of one 
degree. The coefficient of cubical expansion 
is approximately equal to three times the 
coefficient of linear expansion. 

Exercise 28. — To find the coefficient of linear 
expansion of a metal bar. 

If I is the length of the bar at a temper- 
ature f, and I' its length at a temperature t\ 
then the coefficient of linear expansion is — 

r -I 



Fig. 17, 



The bar is suspended in a tank of water, one end resting 
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against a fixed arm, A (Fig. 18), the other against a mova- 
ble arm, A^ which is held firmly agahist the bar by means 
of the counterpoise, (7. To the axis of the movable arm 
is attached a mirror, w, by means of which the change in 
length of the bar cq-n be measured by the method de- 
scribed in Exercise 19, p. 34. The temperature of the 
bar should be obsei-ved by means of tliree thermometers 
placed with the bulbs near the bar at equal distances 
along its length. The water should be thoroughly stirred 
so as to keep the readings of all three thermometers the 
same. Heat is applied by means of a row of burners 




Fig. 18. 



placed below the tank. It is well not to heat the water 
too rapidly. Take readings at intervals of 10° from the 
initial temperature to 60° or 70°. 

Another form of apparatus which is very easy to make 
is shown in Fig. 19. A rod A, which is clamped to a 
heavy retort stand, is passed through a metal beaker and 
soldered firmly to it. A point at the lower end of the rod 
iJ, whose expansion is to be measured, rests in an indenta- 
tion in A. A similar point at the top of R fits into the • 
leg of the optical lever, M, The remaining two legs of the 
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lever rest in the indentations in the support B, 
JJ of asbestos prevents radiation. 

This problem affords a 
good example for the applica- 
tion of the method of least 
squares to the determination 
of a constant from a series of 
observations. If the length 
of a bar at any temperature 
t' he r^ then the length at 
any other temperature ^ is — 



A jacket, 



In an equation of this form 
the constants V and P may be 
accurately determined from 
a series of corresponding ob- 
servations of I and t — t'. 
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Fig. 19. 
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Exercise 29. — To determine the cubical ezpansion of glass. 
p. Fill a clean glass bulb (Fig. 20), with an open- 

J ing about 1 mm. in diameter, with mercury by means 
^ of a fine pointed pipette, removing the meniscus by 
means of a card. Find the weight of mercury re- 
quired to fill the bulb at the temperature of the 
room. Call this weight w and temperature t. Im- 
merse the bulb, except the extreme point, in water, 
and heat to a temperature, t\ about 20^ higher 
than t. Some of the mercury will be expelled from 
the bulb. Cut off the projecting meniscus as be- 
fore, dry the bulb with filter paper, and determine 
the weight of mercury, w'. The loss of weight di- 
vided by the original weight, w^ times the difference of 



Fig. 20, 



54 PHYSICAL MEASUREMENT^ 

temperature will give the difference of the expansion of 
mercury and glass for one degree. Then, if 0.000182 be 
the cubical expansion of mercury, the cubical expansion 
of glass is — ' , 

a = 3 i8 = 0.000182 - ^~^ , 

where )3 is the linear expansion of glass. 

Find 3 values of a for intenrals of 20°. The weigh- 
ings must be made with the greatest possible accuracy to 
tenths of a milligram. 

SPEOIFIO HEAT. 

Specific heat is defined as the number of units of heat 
required to raise one gram of the substance in question one 
degree. 

JSxerciae 30. — To determine the specific heat of a solid by 
the method of mixtures. 

First find the weight, M^ of the body, in a finely divided 
condition, and also the weight, mi , of the calorimeter, this 
being usually a thin metal beaker. Then weigh out 
enough water in the calorijneter to a little more than cover 
the bulb of the thermometer, and call this weight m. The 
water should be taken at a temperature about as much 
below the temperature of the room as it is expected that 
it will be above it at the close of the experiment. This is 
to eliminate the effects of the radiation of the calorimeter. 
The temperature, ^, of the water should be noted to 0.1°. 

Heat the substance to a temperature T, in a test-tube 
placed in the mouth of a boiling-flask. The mouth of 
the tube is closed by a cork, through which runs a ther- 
mometer,* the bulb of which should be surrounded by 

* The two thermometers should he compared hefore work is hegun. 
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the substance. When the thermometer has ceased to rise, 
remove the test-tube, and drop the body quickly into the 
calorimeter, taking care that no water from the outside 
of the test-tube drops in at the same time. The water 
should then be stirred slightly, the thermometer bulb being 
kept covered all the time, and the highest temperature, t, 
attained noted. The amount of heat which the water has 
received is m (t — f), since the specific heat of water is 1. 
The amount given out by the body is SM(^T — t), where 
S is the specific heat. These two quantities must be 
equal. Then S = m (r - t) / M(T - t). 

But the calorimeter and thermometer have also been 
heated, and to m must be added the water equivalents of 
these. By this is meant the amount of water which would 
require the same amount of heat to raise its temperature 
one degree. This of course equals the weight times the 
specific heat of each. It is, for the calorimeter, ?nio-, 
where o- is the specific heat of the calorimeter. 

The water equivalent of the thermometer may be found 
as follows : Heat the thermometer over a flame to a tem- 
perature ^1 (about 50°). Then plunge it into a weighed 
quantity of water mg (about 20 g.) at a temperature fg* 
Then, if the final temperature of the water is ^3, the wat^r 
equivalent e = m^ (t^ — t^ / (^1 — ^3). 

;Sf = (m + m,<r + e) (t - t) / M {T - t). 

In this experiment the weights should be taken to 
cgs., and the result given to three places of figures. 

Exercise 31. — To determine the specific heat of a liquid by 

the method of mixtures. 

Proceed exactly as in Exercise 30, using the given 

liquid in place of water, and assuming aS, the specific heat 

of the metal used, to be known, find the specific heat of the 
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liquid, «.* The amount of heat taken up by the liquid is 
sm (t — ^) and 

^ _ SM(T-r)-{ m,o- + e) (r - t) ^ 
m (t — t) 

For numerous other methods of finding specific heat, 
see Kohlrausch. 

LATENT HEAT. 
JSxercise 32. — To determine the heat of fusion, f, of a soUd. 
Call the specific heat of the substance in the solid 
state «, in the liquid state «'. Heat iff grams of another 
substance whose specific heat is aS to a temperature 7, and 
add it in the calorimeter to m grams of the given solid at 
temperature ^, stir till the solid is melted, and note the 
temperature, t, of the mixture before it begins to cool 
slowly by radiation. If the melting-point of the solid be 
t\ the total heat transferred in the operation is, where 
TWj, 0-, are the mass and specific heat of the calorimeter, 
and e is the water equivalent of the thermometer, — 

MS (T-t) = ms (t' -t)+ ms' (t - t') + (mio- + e) (r - t) 

and the heat required to melt one gram of the substance is 

f — MS(T— t) - ms (t'—t ) - 7ns\T — t') - (m^g- + e){r — t) 

m 

JSxercise 83. — To determine the heat of vaporization, v, of a 
Uquid. 

Through the ^cork of a florence flask pass a bent glass 
tube (see Fig. 21), and connect it to the trap T. Fill the 
flask half full of the liquid, and weigh out m grams of 
the same liquid in a calorimeter of known weight, Wj, and 
specific heat, a-. Heat the liquid to boiling, and after vapor 

* By theformulafif = (am + miff + e) (r — 0/ 3f(r— r). 
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has been escaping from the tube, t^ for some minutes, 
dip the tube under the sur- 
face of the liquid in the calo- 
rimeter, and let it remain 
until the temperature has 
risen about 10°. Then re- 
move the tube. 

The increase in weight 
M of the liquid in the calo- 
rimeter is the mass of vapor 
condensed. If the tempera- 
ture of the vapor was 7, the 
original temperature of the 
liquid ^, its final temperature 
T, and specific heat «, and the 
mass and the specific heat of 
the calorimeter were m^ and 
<r, and the water equivalent of the thermometer e, then — 




Fig. 21. 



and 



Mv + Ms{T — r) = (ms + m^a- + e) (t — t), 

^ {ms + m^a + e) (t — t) — Ms (T — r) 
^ ~ M 



MECHANICAL EQUIVALENT OP HEAT. 

The mechanical equivalent of heat is the work done in 
raising the temperature of one gram of water one degree ; 
in other words, it is the equivaU.ut in work of one calorie 
of heat. 

The method employed is to convert a measured quan- 
tity of work into heat by means of friction, and measure 
the heat. 

The apparatus used is shown in Fig. 22. It consists 
of a whirling table, to the vertical axis of which is rigidly 
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attached by a non-conducting support a steel cup c^, which 
rotates with the axis. Inside this cup fits a second cup c^^ 




which contains a weighed quantity of mercury into which 
a thermometer is inserted. The outer cylinder is encased 
in felt to prevent loss of heat by radiation. The inner 
cup is kept from rotating by the arm Z, to the end of 
which a force is applied by weights in a pan which 
hangs from the end of the cord c, passing over a pulley 
p. The number of revolutions made by the axis is 
recorded by the indicator i. Weights are placed in the 
pan, and the table is whirled at such a speed that the_ 
friction of the cones keeps the weights in equilibrium. 
The moment of friction is the force of friction F times the 
average radius of the cone r. The moment of the weights 
is wL To w we must add w\ the friction of the pulley 
p. Then the total moment of force is — 

I (w + w') = rFj 

and the force of friction, — 

F=-{w -{- w'). 
r 
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The work done in n revolutions is 

2 TTur (w + ^') - = 2 irn (w -{- vf) L 
r 

Exercise 34. 

Weigh the outer cup, calling its weight Wj, the inner 
cup 7^2, and the inner cup filled with mercury, calling the 
weight of the mercury M. Measure the length of the arm, 
?, and put the apparatus together. By trial find what 
weights will hold the pointer in the centre of the scale 
while the table is turned at a convenient speed. Take 
the temperature t^^ of the mercury, whirl the machine 
till the temperature rises 5°, and note the temperature t^ . 

Determine the water equivale^jts * of the two cylinders, 
^1, of the mercury, e^^ and of the thermometer, e^. The 
total amoimt of heat produced is then 

The friction, w\ of the pulley can be determined as 
follows : The pressure on the pulley is w cos 45° = w J V2, 
and as this acts in both directions, it is 2w/ V2 = w V2. 
If we now put the cord over the pulley, and hang to each 
end a weight i w/V2^ these will exert a pressure on the 
pulley equal to that exerted by w during the experiment. 
Now determine the overweight, w\ necessary to set the 
pulley in uniform motion, which equals the friction of 
the pulley. Then, if «7 be the mechanical equivalent 
of heat, — 

JIl=2mr(w + k/) Z, 
and — 

^ __ 2n7r (w -\- v/) I 
H * 

* See Specific Heat. 
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HYGROMETRY. 



Hygrometry has to do with the humidity gf the at- 
mosphere. By the absolute humidity of the atmosphere is 
meant the number of grams of water vapor in one cubic 
metre. By relative humidity is meant the ratio of the 
amount of vapor in the air to that required to saturate 
it at the given temperature. The dew point is the tem- 
perature at which the air becomes saturated, and moisture 
is deposited in the form of dew. 

August's psychbometer. 

August's Psychrometer is an instrument designed for 
determining the humidity of the atmosphere. It consists 
of two similar thermometers, the bulb of one of which is 
covered with a muslin envelop which is connected by 
means of a wick with a reservoir of water. The evapo- 
ration of the water from the bulb cools the thermometer, JB, 
making it read lower than A. The amount of this differ- 
ence of temperature 8, is proportional to the rapidity with 
which evaporation proceeds, which is in turn inversely 
proportional to the relative humidity of the atmosphere. 

Exercise 35. — To find (a) the vapor pressure, (6) the rela- 
tive humidity, and (ji) the dew point of the atmosphere 
with August's Psychrometer. 

(a) Read the two theiinometers. Let the reading of 
the dry one be ^, of the wet one t\ and let ^ — ^' = 8. 
Then, if jt? ' be the pressure which would exist in air satu- 
rated with vapor at the temperature t\ and barometric 
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pressure 6, then, by an empirical formula, if ^' be above 
0°, the vapor pressure at temperature ^ is — 

p=p' — 0.0008 86. 

The value of p' may be taken from Table 12. For 
indoor observations, where the air is practically at rest, 
as in a small closed room, the factor 0.0008 becomes 0.0012 
(Kohlrausch). If, however, the air be kept in motion 
with a fan, the original factor 0.0008 may be used. 

(6) The absolute humidity h is approximately — 

h = h' ^ 0.64 8, 

where A', the humidity of saturated air, is taken from 
Table 12 for the temperature t' , 
The relative humidity is then — 

where hi is the humidity of saturated air for temperature t. 
(c) The dew point for any absolute humidity, A, may 
be taken from Table 12. 

Daniell's Hygrometer is an instrument designed for 
determining the dew point. It consists of two exhausted 
bulbs connected by a tube and containing ether. One of 
the bulbs, J., has within it a thermometer, and has a por- 
tion of its outer surface covered with a ring of polished 
metal. The remaining bulb, B^ is covered with muslin. 
When ether is poured upon this muslin cover, it evaporates 
rapidly, and cools the ether vapor within the bulb, thus 
reducing its pressure, and causing the ether in J. to distil 
rapidly into B, The temperature in J. is thus reduced, so 
that moisture from the air is deposited upon the bulb. 
The temperature at which this occurs is the dew point. 
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Hxereise 36. — To determine the dew point with Daniell'B 
Hygrometer. 

Lower the tempei-ature in the bulb in the manner just 
described, being careful not to breathe upon the bulb dur- 
ing the operation. Note the temperature t^ at which dew 
begins to form on the bulb, and also the temperature t\ 
at which it disappears. The average of t and t' is the 
dew point. 



INTRODUCTION TO WORK IN ELECTRICITY 
AND MAGNETISM. 



USE OF THE MIRROR, TELESCOPE, AND SCALE. 

On page 34 the theory of the optical lever is given, 
with general directions for adjusting the telescope and 
scale. It is there shown that if R cm. be the distance 
from the mirror to the scale, N cm. the difference in read- 
ing, and a the angle through which the mirror has been 
turned,- tan2a = iV/^. 

For small angles, we may write — 

tan a = ^ — . 
R 

The correction for larger angles is approximately as 
follows : — 

For N/R = .5, tan a = ^ :^ - .014. 

R 

For N/R = .25, tan a = ^ — - .001^. 

R 

For N/R = .1, tan a = i — - .0002. 

R 
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In angular measurements the unit angle is taken as 
67°.296, this being the angle for which the arc equals the 
radius. The value of one scale division in degrees of arc 
for small angles is 

J_^l 57^296 _ 28°.648 
2E 2' E R ' 

Here the angle is taken as proportional to N. For 
angles of any size 

a = ^ the arc whose tan \% N / R, 

In working with swinging magnetic needles, it is often 
found that they take a long time to come to rest. In the 
case of a magnetometer, the swings may be quickly reduced 
by presenting and withdrawing a weak magnet in such a 
way that the action between the magnet and needle, when 
the former is presented, is to oppose the motion of the 
latter. A galvanometer needle may be brought to rest by 
opening and closing a key in the circuit, in the natural 
time of the swing of the needle, the circuit being closed 
during the time the needle is swinging in the direction 
opposite to that in which the current would deflect it, and 
opened during the return swing. It is not necessary to 
wait for the needle to come completely to rest before tak- 
ing the reading, as the point of rest can be found by swings, 
as in the balance.* 

BATTERIES. 

Gravity Cell. — The most useful cell for resistance 
work in a large laboratory is the gravity Daniell, since 
it is not injured if it is left by accident short-circuited, it 
does not require to be taken apart after use, and its E.M.F. 

* For a complete discussion of the reduction of scale readings to the 
angle, and its functions, and of damping and logarithmic decrement, see 
Kohlrausch. 
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is fairly constant. It cannot be used, Jiowever, where large 
currents are required, as its internal resistance is high. It 
consists, briefly, of a jar containing a copper plate at the 
bottom in a saturated solution of copper sulphate. On 
this floats a lighter solution of zinc sulphate, and in this is 
the zinc plate. It is not necessary to put any zinc sulphate 
in the jar, as it is soon formed by the action of the cell 
itself. The JS.M.F. is about 1 V. 

Storage Cell. — If a constant current of some size 
(1 ampere or more) be required, the storage cell is best 
used. It consists of two sets of lead plates covered with 
a paste of oxide of lead, the alternate plates being connected 
to the + and — poles of the cell respectively. The liquid 
is a 20 per cent solution of Hg SO^. For the theory of 
its action, see text>-books on physics. The cell is likely to 
be injured if its current exceeds 6 amp. per square ft. of 
positive plate, hence it must not be short-circuited. The 
U.M.F. is about 2 V. until it is nearly discharged, when 
it begins to fall. It should not be used after the E,M.F. 
falls below 1.8 V. 

To charge the battery connect the cells in series, the 
positive terminal of the battery to the positive wire of the 
d3aiamo, or charging battery, with an ammeter in the cir- 
cuit. The positive plate is brown in color, and there 
are usually one more negative than positive plates in a 
cell. The charging current should be about f the maxi- 
nium discharge. The cell is charged when the reduction 
of the oxide on the negative plate has proceeded so far 
that hydrogen bubbles are given off rapidly. A storage 
battery should never be allowed to remain discharged. 
A battery which has deteriorated by being allowed to 
stand discharged for some time may often be improved by 
repeated charging and discharging. 
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The Chromic Acid Cell or Dip Battery. — This cell may 
be used when a storage cell is not at hand, and a strong 
current is desired. It consists of two carbon plates dipping 
in a solution composed of 1 part of chromic acid, or potas- 
sium bichromate, 2 parts of sulphuric acid, and 10 parts of 
water. The amalgamated zinc plate which slides up and 
down between the carbon plates should be raised out of 
the liquid when the cell is not in use. 
The internal resistance is small, and the 
E.M.F. is about 1.8 V. 

The LeClanch^ Cell. — This cell soon 
polarizes when in action, and, therefore, 
is not suited to give a continuous cur- 
rent; yet it rapidly recovers its E.M,F. 
when at rest, and is very useful when the 
circuit is closed for but a few moments at 
a time, as in electric bell and telephone 
circuits. The electrodes are zinc and 
carbon in a solution of sal ammoniac 
(NH^ CI). To get rid of the hydrogen 
of polarization, the carbon is surrounded 
by an oxide of manganese. Sometimes 
the carbon and the oxide of manganese 
are placed in a porous cup. The E,M,F. 
is about 1.4 V. 

Arrangement of Cells. — If we have 
six cells, they may be connected in two 
ways, in series (Fig. 23), that is, the 
copper of one to the zinc of the next, or 
in multiple arc (Fig. 24), the coppers being connected 
together and the zincs together. 

In series the^ E,M,F, and the internal resistance are 
both multiplied by six. In multiple arc the E.M.F. is 




Fig. 23. 



w 
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the same as for a single cell, but the internal resistance 
is divided by six. Then, from Ohm's law, if -ff is the 

U.M.F. of one cell, r its internal re- 
;^k^^ ]- sistance. It the resistance of the rest 

of the circuit, and C the current, — 



(Series) C = 



6E 



(Multiple Arc) C = 



E 



R + r/Q 

If we have MN cells, consisting of 
iV groups in series, each group consist- 
ing of M cells in multiple arc, the cur- 
rent will be — 

^_ NE 

R + Nr/M' 

It may be shown that the maxi- 
mum current will be produced by 
arranging the cells so that the in- 
ternal resistance equals the external. 
When the external resistance is great 
compared to the sum of the resist- 
ance of the cells, they should be ar- 
ranged in series, thus producing the 
greatest E,M,F. 
The Commutator. — To change the direction of the 
current in any part of the circuit, the commutator shown 
in Fig. 25 may be used. It consists of six mercury cups, 
J., £, (7, D, E^ F ; A and D, and B and C being connected 
by wires. Two metal rockers connected by an insulating 
bar complete the circuit. If the current comes in at D 
and goes out at (7, with the rockers as shown in Fig. 25, 
the current in & (see Fig. 40) will flow in the direction 



Fig. 24. 
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of the arrow. If the rockers dip in A and B^ the current 
in Gr will be reversed. 

Connections. — Wires should be connected either by 
the regular bindingnscrews provided for the purpose or 
with mercury cups. Their ends should be scraped so that 
they are bright, and if they are not tight in the binding- 
screws they may often be made so by doubling over the 
ends before inserting them. The mercury-cup connection 
is convenient when the circuit has to be often made and 
broken. 




Fig. 25. 

Amalgamation of Zinc. — First clean the zinc, and place 
it in dilute Hg SO4 until effervescence begins, then place it 
in another dish, and pour a little mercuiy over it. Too 
much mercury will render the zinc rotten, so only enough 
should be used to cover the surface. 

GALVANOMETERS. 

The Pointer Galvanometer. — Fig. 26 shows a common 
form of galvanometer for use in the introductory work in 
electricity. The current enters and leaves the galvanom- 
eter by the binding-posts, B^ passing through the coil, 0^ 
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inside which a magnetic needle hangs which is deflected 
by the current. This deflection is read by means of a 

pointer which moves over a 
circular scale divided to de- 
grees. The pointer should 
hang so as to just clear the 
scale, that the danger of 
parallax in taking the read- 
ings may be as small as 
possible. This adjustment 
may be made by raising or 
lowering the screw, to which 
the suspension fibre is at- 
tached. The pointer, before 
the work is begun, must be 
made to point to zero when 
no current is passing through 
S ,i the galvanometer. If a single 
needle is used, this will point 
north and south under the 
influence of the earth's field. In this case, the whole in- 
strument must be turned till the pointer comes to zero. 
If, however, there is an astatic pair of needles, — that is, two 
needles with their poles pointed in opposite directions, one 
needle hanging in the coil, and the other above it, — they 
will be but little affected by the earth's .field. It will, 
in this case, be held in position by the elastic force of 
the suspending fibre ; hence, this must be turned by means 
of the milled head until the reading is zero. This instru- 
ment is, of course, not suited to work of the highest ac- 
curacy, but is extremely convenient when this is not 
required. Most galvanometers of this pattern cannot be 
used as tangent galvanometers, except for very small de- 




Fig. 26. 
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flections. They are generally of low resistance, that is, 
not over two or three ohms. 

The Thomson Differential Galvanometer (Fig. 27) con- 
sists essentially of two pairs of coils, with a needle in the 
centre of each pair. These needles are borne on an alumi- 
num wire or a glass fibre of sufficient stiffness. This also 
carries the mirror and a damper 
of aluminum foil, which, by its 
resistance to the air, tends to 
bring the needle quickly to rest. 
The whole system is hung on a 
silk, or better, a quartz, fibre. 
The direction of the needles and 
mirror, and the sensibility of the 
instrument, may be varied by 
turning and by raising or lower- 
ing the control magnet, the sen- 
sibility being least when the mag- 
net is low, that is, quite near the 
upper needle in reference to the 
lower. The sensibility will be 
proportional to the square of the 
time of the swing of the needle 
(see p. 39). A time of swing of 
about six or eight seconds is con- 
venient for most purposes. If the 
needle does not seem to swing freely, the fault may usually 
be corrected by levelling the instrument by means of the 
screws. The coils are generally so connected to the bind- 
ing-posts that, when the middle two are joined by a wire, 
and then the circuit is closed by connecting to the two end 
posts, the coils are in series, and the largest deflection is 
produced. For the differential use, see p. 89. These gal- 




Fig. 27. 
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vanometers are generally wound for high resistance 
(sometimes many thousand ohms) ; but of course low- 
resistance instruments may be arranged in the same way, 
and, in fact, some are provided with 
both high and low resistance coils. 

A rather more common form of 
low-resistance instrument is that pro- 
vided with only one pair of coils, as 
shown in the tripod galvanometer. 
Fig. 28. 

The D'Arsonval Galvanometer 
(Fig. 29) differs from those already 
described, in that the coil swings, 
while the magnet is stationary. It 
consists of a horse-shoe magnet, be- 
tween the poles of which a rectangu- 
lar coil of wire is suspended, being 
held at the top by a wire or strip of 
metal fastened to a screw, which may 
be raised or lowered, and at the bot- 
tom by another wire fastened to a 
tongue of metal provided with an 
adjusting-screw, by means of which 
the tension of the suspending wires 
may be varied. These wires also 
serve to convey the current to the 
coil. To increase the strength of 
the magnetic field, a piece of iron 
fastened to the bar supporting the coil is introduced 
inside the coil, so that the coil swings around it. The 
position of the mirror may be adjusted by means of the 
adjustingHScrew. This mode of suspension makes the gal- 
vanometer very "dead beat;" that is, it comes to rest 




Fig. 28. 



ELECTRICITY AND MAGNETISM, 



71 




almost without a swing, and can, therefore, be read very 
quickly. Of course the resistance may be high or low, 
according to the windings of the coil. 

The Ballistic Galvanometer. 
— Galvanometers provided with 
heavy needles and no dampers, 
so that the swings are slow and 
the decrement small, are called 
ballistic galvanometers. They 
are used to measure currents of 
very short duration, the quan- 
tity of electricity (the current 
times the duration) being pro- 
portional to the throw of the 
needle. 

Shunts. — If it is desirable 
to send only a part of a cur- 
rent through the galvanometer, it may be placed in a 
shunt, and the fraction of the current passing through 
will be determined by the ratio of the resistance of the 
galvanometer and that in the other arm of the shunt. By 
the law of shunts, — - 
Ci ___ R2 

where C is the current and R 
is the resistance. 

The Resistance-Box is a 
wooden case containing a set 
of coils, connected as shown in 
Fig. 30. The coils of German- 
silver wire, -Bj, R^^ etc., of 



Fig. 29. 



-.^.ti 




known resistance, are connected 
to the blocks of metal, B^^ B^^ etc. 



Ftg. 30. 

These blocks, as well 
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as the plugs, Pj, Pj^ ^^^® ^ resistance so small that it 
may be neglected in comparison with E^, R^. When 
the plugs are all inserted, the resistance of the box is 
reckoned as zero. When P^ is removed, a resistance R^ 
is put into the circuit, AB. The resistance of the coils 
is usually marked upon the top of the box. 
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ANGLE OF INCLINATION. 

The angle of inclination is the angle which the lines 
of force of the earth's field make with the horizontal. 
The dip-needle consists of a magnetic needle supported 
so that it rotates freely in a vertical plane about its 
centre of gravity. The amount of inclination is read 
from both sides of the graduated circle. The observation 
is liable to two sources of error : — 

I. The magnetic axis of the needle may not coincide 
with its axis of figure. 

II. The axis of suspension may not pass through the 
centre of gravity. 

Exercise 87. — To determine the angle of inclination of the 
earth's magnetism "with the dip-needle. 

Caution. In this, as in all magnetic observations, see that 
all iron, such as keys, knives^ etc., is removed from the person. 

Remove the needle, set the circle in the magnetic 
meridian with the aid of a compass, and level the instru- 
ment. Put the needle in place, and read the position of 
both ends. Call the readings i^ and ig. To eliminate 
error II., a second pair of readings, i^ and i^, must be 
taken with the needle inverted, which may be done, if 
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the circle is arranged to rotate about a vertical axis by 
turning the circle through 180°, if it does not rotate by- 
turning the needle over in its bearings. To eliminate 
error I., the magnetism of the needle must be reversed by 
stroking its poles with the like-named poles of a strong 
magnet. In order to obtain an even distribution of the 
magnetism in the needle, it is best to stroke from the mid- 
dle to one end on one side, then from the middle to the 
opposite end on the same side. Turn the needle over, 
and repeat the same operation on the other side, using, of 
course, the opposite end of the magnet for tho two ends 
of the needle. This cycle of operations may be repeated 
till the desired strength is obtained. Four more readings, 
ig, tg, iy, ig, corresponding to those already taken, are now 
to be made. The average of these eight readings will be 
the correct value for L 



INTENSITY OP THE EARTH'S FIELD. 

The lines of force of the earth's field make a certain 
angle with the horizontal, as found in the preceding exer- 
cise. The force F may then be resolved into two com- 
ponents, one vertical, FJ the other horizontal, H. We 
shall proceed to determine the values of H^ from which, 
knowing the dip, we can easily compute V. 

Exercise 38. — To determine the horizontal component, H^ of 
the earth's field. 

Value of MR, — A magnet which is free to rotate 
about its centre in a horizontal plane will be drawn 
toward the plane of the magnetic meridian with a force 
which is proportional to the horizontal intensity of the 
earth's field, H^ and the moment of the magnet, JSf. The 
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directive force is then Mff. Since the swings of the mag- 
net are harmonic, its time of oscillation is — 



=''\fS[> 



where Zis the moment of inertia of the magnet, then — 

where J and t are to be determined. 

Determine the moment of inertia ij of the deflecting 
magnet iVW, from the formula — 

^=(li-+T)"*' • (See p. 40.) 

where 21 equals the length, r equals the radius, and m the 
mass of the cylindrical magnet. 

Determine the time of oscillation, f, of WS^ by method 
1, p. 41, taking 20 oscillations. In order that the direc- 
tive force may be only that of the earth's field, the sus- 
pending thread must be without torsion. A fibre of 
unspun silk very nearly fulfils this condition. 

From other considerations we are able to obtain the 
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Fig. 31. 



value of M/ff. From these two expressions, by eliminat- 
ing M, we obtain the value ff. 

Value of M/H. — M/ff is determined as follows (see 
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Fig. 31) : Suppose a small magnetic needle of pole strength 
I/! and length 21' to be held deflected through an angle, <^, 
in equilibrium, by the horizontal component of the earth's 
field, H^ and a field of strength, F^ due to a magnet, NS^ of 
pole strength ft and length 2Z, whose centre is at a dis- 
tance, J2, from the centre of the needle, and whose ends 
are in a line perpendicular to the plane of the magnetic 
meridian through the centre of the needle. Then the two 
forces acting on the needle, and holding it in equilibrium 
at an angle <^ with the meridian, are 2Hti! V sin <^ = 2FiiI V 
cos <f>. Therefore — 

H cos<^ 

If the dimensions of the needle be small with reference 
to R and Z, we may call R the distance from the centre of 
NS to either end of the needle. Then the strength of field, 
F^ which is defined as the force on unit pole, will be — 

^_ (^_1 1 \_ 4.t,lR 

^\{R- If (R + ly J (R^ -I'Y 

Calling the moment of the magnet 2fd = iKJ we have — 

^ 2 MR . F 1 2MR . . 

F = , and — = — = tan 6, 

{R' - ly' H H(R^- ly 

Whence, 

H 2R ^ 

To determine MjH proceed as follows (see Fig. 32) : 
Remove the deflector NS to a distance from the mag- 
netometer, and determine the zero position of the magnet- 
ometer needle by means of the mirror and scale. Place 
NS at aj, and note the deflection n^ . Reverse NS by turn- 
ing its stand through 180°, and note a second deflection n'j. 
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Make similar observations n^^n'^^dA, by From the aver- 
age of these four observations, N^^ determine the value of 
tan <^, tan <f>=N^/2d^ where d is the distance from the 
magnetometer needle to the scale. 
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Fig. 32. 

Find the corresponding value of M/JT^ — 

Place IfS at a^ and b^, and, •proceeding as before, find 
tan ^2, from which obtain a second value of M/ff, — 

From the average of these two values of M j H^ and the 
value MH obtained above, get H by eliminating M. 
Thus,— 

For the correction for torsion, see Kohlrausch, p. 222. 
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DETERMINATION OP RESISTANCE. 

The current which flows through a conductor is, by 
Ohm's law, directly proportional to the electromotive force, 
and inversely proportional to the resistance. 

If we assume that our electromotive force remains con- 
stant, the resistance will be inversely proportional to the 
current. If in two cases the current, with the same elec- 
tromotive force, is found to be the same, the resistances 
also must have been equal. A simple method of deter- 
mining resistance is to measure the current with a galva- 
nometer when the given resistance is in circuit, replace the 
given resistance by a variable known resistance, which is 
adjusted till the same deflection of the galvanometer is 
obtained as before. This is known as the method of sub- 
stitution. This method depends for its accuracy upon the 
assumption that the electromotive force remains constant 
during the determination, a condition which is seldom 
exactly met in practice. 

The apparatus required for this method is a battery of 
constant E.M.F.^ a simple galvanometer, and a resistance- 
box. For the battery, either a gravity cell or a storage 
battery may be used. 

Exercise 39. — To determine the resistance of a conductor by 
the method of substitution. 

Connect the apparatus as shown in Fig. 33. Place 
the galvanometer so that the pointer is at 0, throw the 
unknown resistance, ^29 i^^^ *^^ circuit by setting the 
arm of the switch /S, upon point A. If the galvanometer 
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rovided with more than one set of coils, use that 
set which will give a deflection nearest to 45°. If the 
deflection is too large in any case, a resistance, i?, may 

be put in the main 
-'WWJni^-— ^^^ circuit sufficient to 

bring the deflection to 
the desired amount. 
Note the deflection 
of the galvanometer, 
and throw R^ in cir- 
cuit by connecting S 
to point B^ and vary 
R^ till the deflection is exactly the same as before. It is 
then obvious that R^ = R^. 

Caution, The circuit should never he left closed except 
while readings are being taken. 
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^ WHBATSTONE'S BRIDGE. /^L^o .^ 

If a current be divided as shown in Fig. 34, then, 
according to the principle of Wheatstone's bridge, if 
R-^ : R^ : : ^3 : R^ , a 
current passing from 
AXoB will not pro- 
duce a current 
through the galvano- 
meter between Q and 
i>; or, more broadly 
stated, when the 
above condition is ful- 
filled, a difference of 
potential between A 
and B cannot produce a difference of potential between 
G and i>. 
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Wheatstone's bridge affords the most accurate known 
method of measuring resistance, since it is wholly inde- 
pendent of the changes of E.M.F. in the battery. The 
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Fig. 35. 



connections for the box form of bridge are shown in 
Fig. 35. 

In the form of bridge ^ shown in Fig. 86, B^ and B^ 
constitute a continuous wire upon which moves a sliding 




Fig. 36. 

contact. If we assume that the wire is uniform in diame- 
ter, the resistance of its parts will be proportional to their 

1 The box form of bridge with a high-resistance galvanometer is best 
adapted for high resistances, the slide-bridge with a low-resistance galva- 
nometer for low resistances. 
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lengths, which are read off from a scale upon wliich the 
wire rests. The error of reading will affect the result 
least when R^ and E^ ^^® ^ nearly equal as possible ; i.e., 
when the contact is near the middle of the wire. 

To avoid the effect upon the galvanometer of the induc- 
tion current produced by closing the battery circuit, K^ 
should always be closed before K^ . 

It is evident that the battery circuit and the galva- 
nometer are interchangeable. 

Exercise 40. — To measure the resistance of a conductor with 
Wheatstone's bridge. 

Connect the bridge as shown in Fig. 36. All the 
wires used in making the connections in the bridge cir- 
cuit should be so large that in ordinary measurements 
their resistance may be neglected. Care should be taken 
that all contacts are clean and firmly made. The plugs 
should be inserted with a twisting motion to insure firm 
contact. Find by trial what resistance must be used in 
the box jBj 9 to bring the galvanometer . to zero with the 
3ontact D (Fig. 36), near the centre of the wire. If the 
galvanometer is not very sensitive, move the contact till 
the needle begins to move to the right, and note the read- 
ing. Take another reading at the point where it begins 
to move to the left. Take the mean of these readings, and 
compute the resistance ^g? from the law of the bridge. 

JExercise 41. — Resistance of a galvanometer by Thomson' 
method. 

If the galvanometer be connected in place of ^2' ^ 
shown in Fig. 37, a current will flow through it when 
K^ is closed. Then, if K^ be closed, the passage of any 
current through 6 will produce a change in the deflection 
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of the galvanometer, as it must either increase or decrease 
the amount of flow through R^ . If, however, the bridge 
is balanced, no current will flow through 6 ; hence we 
have only to adjust the sliding contact until no change is 
produced in the deflection of the needle by opening and 
closing K^ . This method enables us to dispense with the 
aid of an additional galvanometer, which would be required 
in 6 by the method used in Exercise 40. 

Place the galvanometer in the resistance-arm, and close 
K^. If the deflection of the needle is too great, it may 
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Fig. 37. 



be reduced by means of a permanent magnet, or by intro- 
ducing a resistance into the battery circuit. Adjust the 
contact until the bridge is balanced. 



Exercise 42. — Resistance of a battery by Mance'a method. 
The battery is placed in the resistance-arm, as in Figs. 
38 and 39. If now K^ be closed, there will be a deflec- 
tion of the galvanometer, which will not be changed in 
amount by closing K^ , so long as the bridge is balanced. 
The theory of the method is as follows : The current from 
the battery flows through -B, dividing at i>, where a part 
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flows through 3 and 1, and a part through 6 to (7, and back 
to the battery. If we also close K-^^ a part of the current 
will flow from B \jo A through 5, since A and B are not 




Fig, 38, 



at the same potential. Closing K^ changes the difference 
of potential between A and B by making an additional 
path for the current, and thus changing the resistance 




between these points. By the principle of Wheatstone's 
bridge, however, no change of potential between A and B^ 
when the bridge is balanced, can produce a change in the 
difference of potential between O and 2>. 
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Connect the bridge, as in Fig. 38, and adjust for a bal- 
ance, as in the preceding exercise. If the deflection is too 
great, reduce it by means of a magnet, or by introducing 
resistance into the galvanometer circuit. 

The accuracy of this method depends upon the assump- 
tion that the E.M,F. of the battery remains constant. Since 
this condition is never met, the method is never strictly 
accurate, and is wholly inapplicable to batteries which 
polarize rapidly — the so-called open-circuit batteries. 

Exercise 43. — Reaistance of a battery by Ohm's Method. 

Connect a battery of constant E.M.F. in circuit with a 
tangent galvanometer of resistance g^ and a resistance-box, 
and put in sufficient resistance r^ to give a deflection d^, 
somewhat greater than 45''. Call the current C^. 

(7i = iCtanrfi.i 

Now insert sufficient resistance r^ to bring the deflection 
^2 to about half d^ . Call the current C^ . 
Cz =^ K tan rfj. 

Then, calling E the E.M.F.\ and E the resistance of the 
battery, if all connecting wires are so large that their re- 
sistance may be neglected, — 

Q __ E ^ E ^ 

' E + r, + ff' ' B + r, + g' 

Cx _ tan dx __ R -\- r2 + g . 
C2 tan c?2 R + '*'! + 9 
^ ^ tan c?a (^2 + 9) — tan d^ {n + g) 
tan c?i — tan c?2 

The circuit should be closed only long enough at a 
time to take a reading, so as to avoid a change in E.M.F. 
of the battery from polarization. 

1 See, p. 91. 
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Four readings of each deflection should be taken, one 
at each end of the pointer attached to the needle, and a 
second pair after the current has been reversed. The con- 
nections of the reversing-switch are shown in Fig. 40. 



SPECIFIC RESISTANCE. 

The resistance of a wire is inversely proportional to its 
cross-section, and directly proportional to its length and to 

a factor which depends 
upon the nature of the 
substance. This factor, 
*y, is known as the specific 
resistance, and may be 
defined as the resistance 
of unit length and unit 
cross-section of the sub- 
stance. 

Determination of the 
Specific Resistance by 
Fall of Potential. — This 
method can be used to 
advantage when the re- 
sistance to be measured is 
small. The resistance, R 
(Fig. 41), to be mea- 
sured is connected in circuit with a battery, B^ a control 
resistance-box, R^, and a standard resistance, r, conveni- 
ently one ohm. A galvanometer circuit is introduced as a 
shunt, first between the terminals of R, and then between 
the terminals of r. The current flowing through the gal- 
vanometer will be, according to the law of shunts, propor- 
tional to the resistances, R and r. For, if C and 0" be 
the currents passing through R and r in the two cases, 
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Fig 40. 
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C. R , 
^ = -, and 



and Cj and C^ the corresponding currents through the 
galvanometer, Ave have — 

9 C" g- 

If the resistance, g^ of the galvanometer is so large that 
the current flowing through it is negligible in comparison 
with the current in the main circuit, — 

C = C", and Ci /C<, = B/r. 
In the mirror galvanometer the current may be consid- 




Fig. 41. 



ered, for small deflections, proportional to the deflection. 
The amount of the deflection may be regulated by changing 
the resistance of the main circuit by means of ^^ . 

Exercise 44. — Determine the specific resistance of German 
silver. 

Choose a wire of such length that its resistance is not 
very far from one ohm. The ends are to be soldered to 
pieces of large copper wire, which dip in the mercury cups. 
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tfj, c^ (Fig. 41). The standard ohm is connected to cups 
Cg, c^. Adjust R^ so that the larger deflection of the 
galvanometer shall be not more than 20 cm. on the scale. 
Reverse the current in the galvanometer for each reading. 
Find R^ as indicated above. Measure the length Z, and 
cross-section a, of the wire. Then — * 

S = Ra/l. 

Temperature Coefficient of a Metallic Resistance. — The 

resistance of metals increases with the temperature. Some 
alloys are exceptions to this law, and allojrs may be -made 
of such proportions that within certain limits their resist* 
ance does not perceptibly vary with the temperature. 

The resistance, 72^, at any temperature, f, of a metal 
may be expressed by the formula, — 

(A) Rt = Rq(1 + at), or more exactly, 

(B) R, = R,{l-\-at + pt% 

where R^ is the resistance at 0°, and a and p are coeffi- 
cients to be determined by experiment. Equation (A) is 
sufficiently accurate for most purposes. From (A) we 
have — 

a = {Rt — Ro)/Ro^' 

Exercise 45. — To determine the temperature coefficient of 
copper. 

The wire to be tested is wound on a small wooden 
block and placed in a test-tube, through the cork of which 
passes a thermometer. The test-tube is filled with petro- 
leum, and immersed in a water-bath. The bath is first 
filled with melting ice ; and, when the temperature of the 
oil is 0°, the resistance of the wire is determined by the 
Wheatstone-bridge method. The bath is then filled with 
water, which is brought to 100° over a Bunsen burner, 
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and another determination made. Three determinations 
should be made at each temperature. 

RESISTANCE OF AN ELECTROLYTE. 

The methods of measuring resistance already described 
are not adapted to electrolytes, because of the apparent 
change of resistance due to polarization when a steady 
current is employed. This difficulty may be overcome by 
employing an alternating current, which does not flow in 
one direction long enough for the polarization to become 
noticeable. As the ordinary galvanometer does not respond 
to an alternating current, an electro-dynamometer, or more 




Fig. 42 a. 



Fig. 42 b. 



simply a telephone, is inserted in the Wheatstone's bridge 
in place of the galvanometer. To obtain the alternating 
current a small induction coil, having a low-resistance 
secondary circuit, is used, the secondary terminals of 
which are connected in place of the battery wires in the 
Wheatstone's bridge. 

The electrolyte whose resistance is to be determined 
is placed in the cell shown in Fig. 42 a, if of low resist- 
ance, or the one shown in Fig. 42 6, if of high resistance. 
The electrodes are of platinum which have been coated 
with platinum black. The Kohlrausch form of bridge 
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shown in Fig. 43 is well adapted for this method. The 
bridge wire is wound upon a movable cylinder. Contact 
is made with this wire by means of a metallic Avheel at D, 
which is held against the wire by springs. 




Fig. 43. 



Exercise 46. — Resistance of a battery with the alternating 
current. 

In this case no special cell or electrodes are required. 
Make the connections as indicated above, and vary the 
point of the contact till the telephone becomes silent. It 
is well to place the induction coil in an adjoining room, to 
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avoid disturbance from its sound, as well as from possible 
direct inductive effect upon the telephone. If the tele- 
phone is very sensitive, absolute silence may not be ob- 
tained. In this case the student must judge when the 
sound has reached a minimum. 

The battery should be disconnected except when the 
measurements are being taken. 

Exercise 47. — Specific conductivity o. an electrolyte. 

Specific conductivity is the reciprocal of specific resist- 
ance. The resistance of the cell R^^ when filled with a 
liquid of known specific conductivity K^^ is first deter- 
mined. Then if the resistance of the cell when filled 
with the given electrolyte be R^^ the conductivity ^, of 
the electrolyte is — 

K = ^^^^ 

The resistance constant, y (or resistance capacity), of 
the cell is K^ iJj, and the specific conductivity of any 
substance which has resistance M in the cell is — 

E 

Caution, On account of the heating effects of the current, 
the circuit should be kept closed the shortest time possible. For 
the same reason the current should not be large, especially if the 
cell is small. In determining the resistance the temperature 
should be noted for each observation. 

MEASUREMENT OF RESISTANCE BY THE DIFFERENTIAL 
GALVANOMETER. 

If two equal coils of a galvanometer are similarly 
situated with respect to the needle, the needle will remain 
at rest when equal currents are flowing in opposite direc- 
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tions through the coils. If the connections are made as 
shown in Fig. 44, the resistances R^ and R^ will be equal 
when the needle is at rest. The balance of the instrument 
may be tested by placing two known equal resistances in 
the circuit, and noting whether any deflection occurs. By 
inserting a commutator in the circuit (see Fig. 45), the 
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necessity for a perfect balance of the instrument is 
obviated; for if a resistance, R^, gives no deflection be- 
fore reversing the current, and a slightly different re- 
sistance, i2'2, is required to produce a balance after 
reversal, — 

2 
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CALIBRATION OP GALVANOMETERS. 



THE TANGENT GALVANOMETER. 

The simplest form of galvanometer consists of a large 
circle of wire with a small needle supported at its centre. 
(See Fig. 46.) 

If the circle be placed in the plane of the magnetic 
meridian, and a current be sent through it, the needle 
will be deflected through an angle 
whose tangent is proportional to the 
current. For the magnetic force 
due to the current will be, as is 
shown on p. 75, proportional to the 
tangent of the angle of deflection. 
If O be the current and a the de- 
flection, we may write, — 

C = K tan a, 

where ^ is a constant depending 

on the radius of the circle, r, the 

number of turns, n^ and the horizontal intensity of the 

earth's field, H. 

In absolute units the unit of current is defined as that 
current which, flowing through a length of 1 cm., of an 
arc of 1 cm. radius, exerts a force of 1 dyne upon a unit 
magnetic pole at the centre. If the unit cuiTent flows 
through an arc of length Z, and radius r, the force upon 
the unit pole at the centre is obviously Z/r^. 

A current of strength O will exert upon a pole of 
strength /x, a force — c I / r'' 

The force of a coil of n turns will be — 




92 PHYSICAL MEASUREMENT. 

The force of the earth's field on a pole of strength fi is 
fffi. Then, if we call the force of unit current upon unit 
pole — 

2'n-n/r= G, 
we have — 

^^ = tana; C = :^tana, 

Jffi Gr 

in absolute units, or, in amperes, calling 10 ff/Gr=iry — 

C = K tan a. 

It is evident that K may be computed for any place where 
^is known. 

An experimental method of determining K consists 
of measuring the current which corresponds to any deflec- 
tion of the galvanometer, by weighing the products of 
electrolysis. 

Exercise 48. — To calibrate a tangent galvanometer. 

Prepare an electrolytic cell containing 100 parts by 
weight of water, 20 parts of copper sulphate, and a few 
drops of sulphuric acid. The electrodes may be two thin 
plates of copper as large as can be convenientily used in the 
vessel. Sandpaper both plates till they are bright. Place 
them in the solution, and connect in circuit with a tangent 
galvanometer provided with a reversing-key, a resistance- 
box, and a storage-cell or two chromic acid cells. Adjust 
the resistance for a deflection of about 45°. Remove the 
negative plate, rinse in water, then in alcohol, dry over a 
Bunsen burner, and weigh, taking care not to touch the 
electrode with the fingers. If it is necessary to lay the 
electrode down, lay it upon clean filter paper. Now re- 
place the electrode in the solution, connect the battery. 
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and run for half an hour, noting the deflection every two 
minutes. Read both ends of the needle, and reverse the 
current through the galvanometer at each observation. 
Again remove, rinse, dry, and weigh the electrode as 
before. 

One ampere deposits .000328 grams of copper per second 
upon the negative electrode. The current which causes 
the deposition of m grams in t seconds will then be — 

C = 



.000328 • t 
If the average deflection during the time be a, then — 

K = amp. 

tana 

CsLUtion. The current mtist not be allowed to exceed what 
is called the critical density^ Le,^ it must not be larger than can 
be carried by the copper alone for the size of the electrodes 
employed. When this current is exceeded, a hydride of copper 
is formed, which may be recognized by the dark color of the 
inetal deposited. 

The gain of the negative electrode is used rather than 
the loss of the positive electrode, since the latter is af- 
fected by some slight irregularities which make its use 
unreliable. 

K should also be calculated from the dimensions of 
the galvanometer, and the value of jET, and the two values 
compared. 

CALIBRATION OP OTHER THAN TANGENT 
GALVANOMETERS. 

If the size of the needle is not small compared with 
the size of the coil, the needle will be acted upon by a 
field of different strength for different deflections, hence 
the current will not be proportional to the tangent of the 
angle of deflection. 
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The most practicable way to calibrate galvanometers 
of this kind is as follows : — 

Exercise 49. — To calibrate a galvanometer. 

Connect the galvanometer in series with a tangent 
galvanometer of known constant, 
or a Thomson balance, a resistance- 
box, and battery. 

(a) In case of a galvanometer 
having a pointer and circle, find the 
amount of current corresponding to 
deflections of 5°, 10°, 15°, etc., to 
60°, and plot a curve, using deflec- 
tions as ordinates, and the corre- 
sponding currents as abscissas. The 
^*>^ I - I current corresponding to any de- 

\^ \ J flection may then be taken directly 

from the curve. 

(6) In the case of a mirror gal- 
vanometer, the galvanometer (whose 
resistance is known) is connected 
in shunt with a resistance-box JS, 
as in Fig. 47. With no resistance 
in It adjust R^ till the tangent gal- 
vanometer gives a deflection of 
fig, 4j, about 45°, then adjust the resis- 

tance R to obtain the deflections of 
5, 10, 15, etc., scale divisions on the mirror galvanometer, 
taking the corresponding readings on the tangent galva- 
nometer. From these data calculate from the law of 
shunts the current corresponding to each deflection, and 
plot a curve as in (a). 
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ELECTROMOTIVE FORCE. 

Exercise 50. — Determination of electromotive force by the 
method of comparison. 

Join the cell to be tested in series with a gravity-cell 
whose electromotive force is known, a resistance-box, and 
a galvanometer. Introduce sufficient resistance to pro- 
duce a deflection between 35*^ and 50°. 

Reverse the connections of the gravity-cell so that 
it will send a current in opposition to the other cell, 
and note the deflection. Denote the tangent of the first 
deflection by Cj, and that of the second bj C^. Then if 
E^ be the E.M.F. of the gravity-cell, and E^ that of the 
cell to be tested, — 

Qi^^2 + E^^ or ^2=.^-±-^^,. 

Exercise 51. — Determination of the electromotive force of 
a cell by Ohm's method. 

Connect the cell in series with a resistance-box and 
tangent galvanometer whose constant K^ is known. 

Introduce enough resistance to produce a deflection of 
about 50°. Call this resistance R^ . Note the deflection 
and calculate the current Cj , in amperes. Then increase the 
resistance till the deflection is about half what it was before. 
Call this resistance R^ , and calculate the current C^ , then 
if b and g are the resistances of the cell and galvanometer, — 

r — ^ r -^ 

^1 — ■; — ; : — 77~> O2 = 



b + g + R^' b + ff + R^' 

El CiC72 \R2 — -^l) , 

Ci -— C/2 

This method is only suitable for constant cells. 
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THE QUADRANT ELECTROMETER. 

A discussion of the quadrant electrometer may be 
found in any text-book of physics. Briefly stated, its 
principle is as follows: Suppose the needle, n (Fig. 48), 
to be charged positively, and quadrants II, III, connected 
to the ground. Then if a positive charge be given to I, 




IV, the needle will be deflected in the direction shown by 
the arrow by a couple which for small deflections is pro- 
portional to the diflFerence of potential between the two 
sets of quadrants. 

A convenient form for the laboratory is that of Edel- 
mann, which differs from the ordinary form in having the 
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quadrants composed of four vertical sections of a cylinder, 
the needle being bent downwards at the ends, as shown 
in Fig. 49. The needle is suspended by a 
quartz fibre, or bifilar suspension, and the de- 
flections are read by means of a mirror and 
locale. Connec- 
tion to the 
needle is made 
through the cup 
of sulphuric 
acid d, which 
also serves to 
remove damp- 
ness from the 
instrument. ^ ^ ^. ^g 
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Exercise 52. — To measure the EJtf.F. of a battery with the 
quadrant electrometer. 

Charge the needle by connecting it to one terminal of 
the water battery described on p. 144, the other terminal 
of the battery being connected to earth through the water 
or gas pipes. Connect one pair of quadrants permanently 
to earth through the mercury-cup B. Bring the other 
pair to zero potential by connecting A and B for an 
instant with a wire. Now note the zero reading, connect 
the terminals of the standard cell to A and -B, and note the 
reading on the scale. Disconnect the cell, discharge the 
quadrants, and again connect the cell, reversing the con- 
nections so as to produce a deflection in the opposite 
direction. If the two deflections are not nearly equal, 
they should be made so by adjusting the level of the 
instrument, or turning the head which supports the needle. 
Call this double deflection 8. In the same way find the 
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deflection, S', produced by the cell to be measured. Then, 
if U be the E.M.F. of the standard cell, and E' the 
E.M.F. of the cell to be measured, EJE' = 8/8'. 
Whence — 

8 

A series of at least three such determinations should 
be made, and the average taken. In case no water battery 
is at hand, the needle may be charged by touching a rubbed 
glass rod to the wire leading to the needle, first attaching 
a small metal ball to the end of the wire to prevent dis- 
charge. As in this case the needle will gradually lose its 
charge, two pairs of ' readings must be taken with the 
standard cell, one immediately before and one immedi- 
ately after the readings with the cell to be measured. 
The average of these two deflections should be taken for 
comparison with the deflection of the unknown cell. 

Caution I, Never on any account short-circuit the cells. 
To do so will cause a change in E.M.F. , and vitiate the ineasure- 
ment, and probably ruin the standard cell. 

Caution II. See that all wires are carefully insulated. 

Caution III. As the electrometer is sensitive to outside dis- 
turbances, such as may be produced by charges present on the 
clothing, no one should approach the instrument while a reading 
is being taken: If these precautions are neglected, no determina- 
tions of any value can be made. 
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VELOCITY OP SOUND. 

Exercise 53. — Velocity of Sound in solids by Kundt's 
method. 

The apparatus (see Fig. 60) consists of a large glass 
tube T^ about 3 cm. in diameter and two metres long, 
closed at one end by a cork. The tube, which has been 
thoroughly cleaned, contains a little lycopodium, or fine 
cork-dust, distributed evenly through its length. A rod 
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of tlie substance to be tested is clamped at its centre (7, 
and bears upon one end P, which projects into the tube, a 
disk of cardboard or cork whose diameter is a little less 
than the inner diameter of the tube. 

Rub the end R of the rod with a rosined leather or 
cloth. The longitudinal vibrations of the rod will produce 
stationary waves in the air in the tube, which will cause 
the dust to arrange itself in wave-like figures. These 
figures may be rendered more distinct by turning the tube 
so as to bring the line of dust a little to one side. It will 
then fall down at the points of greatest disturbance. The 
tube should be moved along till that length is obtained 
which will make the figures as distinct as possible. The 
distance between two of the points of greatest disturbance 
will be half a wave-length. Call this length Z, and the 



100 PHYSICAL MEASUREMENT. 

length of the rod L. From the theory of longitudinal vi- 
brations in rods, L is one-half a wave-length of the funda- 
mental tone emitted by the rod. The velocity of sound 
in air at 0° is 331 metres per second. Its velocity at any 
other temperature ^, may be taken as 331 VI + .004^* 
metres per second. Then, as the velocity is proportional 
to the wave-length, the velocity of sound in the rod is — 



r = 331 VI -[-.004 if ±. 
c 

metres per second. From this value of V may be calcu- 
lated the modulus of elasticity of the rod. For — 

where JEJ is the elasticity, and D the density, of the sub- 
stance; Whence — 

To reduce this to the dimensions usually employed to 
express ^, we must divide by 9810. 

Exercise 54. — To determine the velocity of sound in air "with 
Kdnig'B apparatus. 

The apparatus (see Fig. 51) consists of a tuning-fork 
JF, and resonator M. To the resonator is attached a tube 
which divides at a, allowing the sound to proceed by two 
paths through the arms e and d to b. The length of d may 
be varied at will. If e and d differ by half a wave length, 
the two waves will arrive at b in opposite phase and will 
interfere. This condition may be shown by the mano- 
metric flame, m, and revolving mirror, M. 

First adjust the resonator to resonance with the fork, 
♦ See Kohlrausch's Praktische Phyaik. 
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by sliding the tube in and out till the volume of tone is 
a maximum, then attach the tube, a, bow the fork, set the 
mirror rotating, and observe the reflection of the flame in 
the mirror. It will in general present a wavy appearance. 
Adjust the length of d till this wavy appearance disappears 
and note on the scale «, the amount which d has l)een 
drawn out. This position of no vibration is somewhat 
difiicult to determine. It can best be foimd by noticing 
the first appearance of waviness as the tube is drawn out, 



^^^ 




and again as the tube is pushed in, and taking the mean 
of the readings. The length Z, to which the tube is drawn 
out is J of a wave length A. If the number of whole 
vibrations of the fork be w, the velocity of sound at the 
temperature of the room is n A meters per second. 

Exercise 65. — Measurement of the pitch of a tuning-fork 
with the siren. 

For a description of the siren and the principle of its 
action, the student is referred to text-books on physics. 
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The fork is bowed, and the siren started with the 
registering apparatus disconnected, and brought into uni- 
son with the fork by forcing the air until the desired note 
is reached. This may be maintained either by means of 
the adjustable weight usually found on the bellows, or by 
the friction of a straw lightly pressed against the revolving 
plate. Since the quality of the sound of the fork diflFers 
from that of the siren, it is better to trust to beats for 
detecting unison, rather than to the musical accuracy of 
the ear. The registering apparatus is next thrown into 
gear, and allowed to run for exactly one minute, the siren 
being kept at the same pitch during that time. If the 
number of turns registered is N^ and the number of holes 
in the plate w, the number of vibrations per second — 

60 • 
Five determinations should be made. 
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PHOTOMETRY 

The general method of photometry consists of finding 
a point between the source of light whose intensity is to be 
measured, and a standard source, where the light from the 
two is equal in intensity, measuring the relative distances 
of the two, and from the law of inverse squares computing 
the relative intensity. 

The commonest form of apparatus is Bimsen's photom- 
eter, where the equality of illumination is determined by 
the simultaneous observation of both sides of a paper 
screen, «, having a grease spot upon it, by means of two 
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mirrors, M^ M\ Fig. 52. The support which carries the 
mirrors and screen slides along a graduated bar, on 
which the distance of the screen from the lights may 
be read. 

A second form is the photometer of Joly, in which the 
spot and mirrors are replaced by two small blocks of paraf- 
fine, with a thin opaque screen between them. The blocks 
should be cut from a piece of parafBne of uniform trans 
parency, and may be 5 mm. wide, 2 cm. high, and 3 cm. 
from front to back. When the lights are of equal intensity 
the two blocks will appear equally illuminated. 

The standard of light is a sperm candle burning 7.78 
grams per hour, as measured upon a specially arranged 
candle balance. For practical use the standard light is 
ordinarily a gas-flame placed behind a slit in a large screen. 



I — 4^4^ ^ 

1 ^ I 



Fig. 62. 

The slit is of such size that only the light from the central 
portion of the flame passes through it. Here the slit is 
taken as the source of light in measuring its distance. 
This standard light must first be calibrated by comparison 
with a standard candle. 

Exercise 56. — To measure the horizontal candle-poT^er of an 
incandescent lamp -with the Bunsen or Joly photometer. 

Practise making settings of the photometer until a 
number of successive readings can be taken without a 
variation of more than 3 or 4 per cent. Take a series of 
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six readings, rotating the lamp 30° about the vertical axis 
after each observation. At least six settings should be 
taken for each of the six positions. Compute the candle- 
power for each position, and plot a curve showing the dis- 
tribution of light for the different positions of the filament. 

liENSBS. 

Radius of Curyatttre of a Lens or Mirror. — The method 
of measuring the radius of curvature of large lenses with 
the spherometer is described on p. 12. The following 
method is adapted to lenses or mirrors of any size. 

Exerciie 57. — To measure the radius of curvature by re- 
flection. 

9ia^ 
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Fig. 63. 



A telescope, T, Fig. 53, is placed midway between the 
two small gaS-jets, ffi,g2^ which are a distance L from each 
other. At a distance A, about 3 metres from the line g^ g^^ 
is placed the lens, upon the surface of which is fastened a 
small scale, « «j, upon which is read the apparent distance, Z, 
of the images of the two gas jets. If a second pair of 
images reflected from the back of the lens is seen, they 
may be distinguished from the ones to be used from the 
fact that one pair will be upright, and the other inverted. 
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The radius of curvature of a convex lens is — 

L-21' 
and for a concave lens, — 

L + 21 

For, if a be the distance of the image g^ g^ behind the 
surface of the lens, and b its length, then — 

(^) 7 =4- +45 (S) - ^^ 



a A R ^ ' 2A+R 

,^v ha y La 

(C) ^ = -, or6 = _; 

(D) I = —^i— , or I = -M_ = ^^^, from (C). 
^ ^ b A + a A + a A + a ^ ^ 

From (B), — 



2 J + ^' ' ^ ^ L-21 

The proof for a concave lens is exactly similar to 
this. 

Focal Distance of a Lens. — The principal focus of a 
lens is the point of .convergence of rays which were par- 
allel before passing through the lens. The focal distance 
of a lens is the distance between the optical centre and 
the principal focus. 

Exercise 58, i. — To measure the focal distance of a convex 
lens. 

(a) Find the relative position of the lens and a white 
screen of paper or ground glass for which a clear image of 
a distant object, as a cloud or spire, is obtained, and measure 
the distance between the image and the optical centre of 
the lens. This is the focal distance of the lens. 

(6) Second method. Place a candle or other bright 
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object, c, Fig. 54, near a screen, «, and at one edge of it. 
Hold behind the lens a plane mirror, and move lens and 
miiTor together parallel to the screen until a shaip image 
of the candle appeai-s on the sci-een. The distance of the 
image from the centre of the lens is the focal distance of 
the lens ; for, if the rays of light from the object had passed 
but once through the lens, they would have converged at a 
point double the focal length from the lens, on the other 
side of it 




Fig. 54. 



(c) Third method. Place the object at any convenient 
distance from the lens, and move the screen until a sharp 
image is found. Mark the position of the lens, and, without 
moving screen or object, move the lens till a second position 
is found, where a shaip image is obtained. If a be the 
distance between the object and image, and d the distance 
the lens is moved, then, — 

For, since the object and image are respectively 1/2 
(a + c?) and 1/2 (a — d) from the lens in the first case, 
and 1/2 (a — d) and 1/2 (a + cT) in the second, and since 
1 // = 1 /p + 1 /q = where p and q are the distances of 
object and image from the lens, it follows that — 
1^ 2 2 ^ 4a 

/ a + d a — d a^ ^ d^ , 
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Exercise 58, ii. — To measure the focal distance of a concave 
lens. 

Fit the lens in an opening through a screen, and let the 
sun's rays fall perpendicularly upon it. Behind the screen, 
on a second screen, parallel to and at a convenient distance, 
«, fromitf a circular spot of light will be seen. If the diam- 
eter of the lens be d, and the diameter of the spot be d', the 
focal distance is, — 

/. ad 

Note. — The measurements in this and preceding exercises are to he 
•taken from the optical centre of the lens. For a double convex lens or 
double concave lens of equal curvature on both sides, the optical centre 
is at the centre of the lens ; for plano-convex and plano-concave lenses, 
it is upon the curved surface. See Carhart, University Physics^ Part ii., 
art. 20. For other cases and for systems of lenses, see Kohlrausch, 7th 
edition, art. 44. 

Magnifying Power of Optical Instruments. — The mag- 
nifying power of a telescope is the ratio between the angle 
subtended by the image of a distant object when seen 
through the telescope, and the angle subtended by the 
same object when seen by the naked eye. 

JExercise 59. — To determine the magnifying power (a) of a 
telescope (5) of a microscope. 

Focus the telescope upon a large scale or other object 
showing distinctly marked equal divisions, as a brick wall. 
The scale should be at as great a distance as is convenient 
from the telescope. Place one eye at the telescope, and 
look at the object at the same time with the telescope and 
with the naked eye. With a little practice the magnified 
image may be made to appear to be overlapping the image 
seen with the naked eye. Count the number of divisions 
on the naked-eye image that just cover one division on the 
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magnified image, estimating to tenths of a division. This 
number will be the magnifying power of the telescope. 

Note. — If, owing to near- or far-sightedness, tlie observer wears 
glasses, the glasses should not be removed for making observations with 
the telescope or microscope. 

The magnifying power of a microscope may*be deter- 
mined by a method similar to that employed in (a). The 
microscope is focused on a slide, upon which a scale is 
ruled to hundredths of a mm., and a millimeter scale is 
placed upon the stand of the instrument for comparison. 

THB SPECTROMETER. 

The spectrometer (see Fig. 55) is an instrument de- 
signed for measuring the angle of deviation of a ray of 
light. The ray of light 
is received through a 
collimator, (7, which con- 
sists of a tube provided 
with a slit and lens, and 
fixed to point exactly 
toward the centre of a 
graduated circle, upon 
which rotates the ob- 
serving telescope 7, 
which also points to the 
centre of the circle. 
The telescope may be 
clamped in any position , 
on the circle, and ac- 
curately adjusted by 
means of a tangent screw S. Its exact position on the 
scale is read by means of two verniers, which are often 
nrovided with lenses for more exact reading. 




Fig. 55. 
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The Circular Vernier — The vernier employed in read- 
ing angular divisions is identical in principle with the 
straight vernier already described. Since there is no uni- 
form practice in regard to the number of divisions employed 
in circular verniers, the student should first notice into how 
many divisions the degree is divided on the circle, and 
then find how many divisions on the circle correspond to 
the total number of divisions on the vernier. It will then 
be easy to determine from the principal of the vernier the 
value of its divisions in fractions of a degree or in seconds. 
A common form has the degrees on the circle divided to 
fourths, and 45 divisions on the vernier corresponding 
to 44 on the circle. One division of the vernier is thus 
equal to J of :5V or jj^ of a degree, or 20 seconds. Most 
exact instruments are provided with two verniers 180*^ 
apart. The true reading, when the verniers read V and 
Y" is 

y_ V'+ (T^^- 180°) 
2 

Ua^ercise 60. — To measure the angles of a prism with the 
spectrometer. 

Adjustment of Telescope and Collimator. — First focus 
the telescope for parallel rays, by observing a distant 
object or an object placed at the principal focus of a 
lens in front of the telescope. The adjustment is accu- 
rately made when the cross-hairs of the eyepiece show no 
parallax ; that is, when they do not appear to move with 
reference to the object as the eye is moved before the 
eyepiece. Place the telescope in line with the collimator, 
and put a source of light before the slit. The image of 
the slit should be a little wider than the cross-hair. Now 
focus the collimator till there is no parallax between the 
cross-hairs and the image of the slit. The rays entering 
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the telescope are now parallel, and these adjustments 
should not be disturbed during the experiment. It is 
presumed that the telescope, collimator, and circle are 
properly levelled. Should this not be the case, the adjust- 
ments may be made by means of a spirit-level. 

Adjustment of the Prism. — To level the prism, turn 
the slit so that it will be horizontal, place the prism as 
shown in Fig. 55, with its edge at the centre of the table 
and directed towards the collimator. Now view the image 
of the slit as reflected from the prism, and adjust the level 
of the prism till the image of the sht coincides with the 
horizontal cross-hair. Turn the telescope till the image 
is seen reflected from the other face, and again level till 
slit and cross-hair coincide, then turn back to see that 
the first level has not been disturbed. 

Measurement of the Angle of the Prism. — With the 
prism in the position just described, and the slit vertical, 
set the telescope so that the image of the slit coincides 
with the vertical cross-hair, and read both verniers. In 
the same way read the verniers when the image coincides 
with the cross-hairs as seen from the other side. If the 
readings be a^ and Og, the angle of the prism is — 

A = ^^ ~~ "^ 
2 

In the same manner measure the angles B and (7. Then 

^-f ^+(7 = 180°. 

Exercise 61. — To determine the index of refraction of a 
prisnL 

The index of refraction of a substance for air is the 
ratio of the velocity of light in air to its velocity in liie 
given substance. If i (see Fig. 56) be the angle which 
the incident ray makes with the normal to the bounding 
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surface while the ray is in air, r the angle made by the 
refracted ray, and B the total de- 
viation of the ray, then — 

D = (i _ r) + {V - /) 

but r + / = :^, 
hence, for the position of minimum 
deviation where it may be proved 
that i = i' and r = r', 2> = 2 i — J., 
where A = 2r. The index of refraction w, is — 

_ sin i __ sin ^ (D -\- A) 
sin r sin J A 

To measure 2>, illuminate the slit with sodium light 
by placing before it a Bunsen burner, in which a platinum 
spoon is placed containing a little sodium 
salt. Point the telescope at the slit, and 
note the reading of the verniers a^ . Then 
place the prism on the table as shown in 
Fig. 57, and move the telescope until the 
refracted image coincides with the cross- 
hair, and slowly move both 
prism and telescope till, in 
whichever direction the prism 
is moved, the deviation will 
be increased. This will be 
the position of minimum de- 
viation ; and the difference 
between this reading of the 
circle, a^^ and the reading a^, 
is 2> of the formula. 
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Fig 67. 
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BPBCTRUM ANAIiYSIS. 

The spectra obtained by allowing a ray of light to 
pass through a prism are of three sorts : — 

I. The continuous spectrum given by a body in the 
solid or liquid form heated to incandescence. It shows 
the colors of the rainbow in regular order, from red to 
violet. 

II. The bright line spectrum, given by bodies heated 
to incandescence in the form of vapor. Here every ele- 
ment emits light of one or more definite wave-lengths, 
thus producing bright lines which have corresponding 
definite positions in the spectrum. 

III. The dark line spectrum, obtained by viewing a 
body which gives a continuous spectrum through a vapor 
at a lower temperature, the vapor absorbing the vibrations 
of the same wave-length that it is capable of emitting, 
and thus producing dark lines at the same positions as the 
bright lines seen in the spectrum of the same vapor when 
heated to a higher temperature. 

Spectrum analysis is a method of detecting the pres- 
ence of the various elements of a compound or mixture, 
by identifying their characteristic lines in the spectrum. 

For this purpose the spectrometer may be used. As 
the amount of deviation, however, depends upon the 
nature of the glass of which the prism is composed, it 
will be necessary to calibrate the instrument. This may 
be done by observing the deviation for the principal dark 
lines of the solar spectrum (Fraunhofer's lines), and plot- 
ting a curve of wave-lengths, using the wave-lengths as 
ordinates, and the deviations as abscissas. The wave- 
lengtlis may be found in Table 33. 

Instead of the spectrometer, the spectroscope (See Fig. 
58) may be used. In the spectroscope the collimator and 
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telescope are fixed, or nearly so, the prism is set once for 
all in the position of minimum deviation, and the circle 
is replaced by a third tube containing a scale, the image 
of which is reflected from the surface of the prism so as 
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and slightly 
usually cor- 
Bunsen and 
at 50. Be- 
calibrated 



to appear in the telescope just above 
overlapping the spectrum. The scale 
responds approximately to that of 
Kirchoff, the sodium (2>) line being 
fore use, however, the scale must be 
by comparison with the Fraun- 
hofer lines. For this purpose a 
ray of sunlight is brought 
into the room in a hori- 
zontal direction by means 
of a heliostat, and the 
collimator placed in a line 
with the ray. If the ^i^- 
light is too intense, the ^ 
slit should be narrowed 
till the lines are distinctly 
seen. Adjust the scale till the divisions are seen clearly, 
and the dark line (2>) in the yellow is at 50. By com- 
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parison with Fig. 59 identify the principal Fraunhofer 
lines, and plot a curve, using wave-lengths as ordinates, 
and scale-divisions as abscissas. 



114 



PHYSICAL MEASUREMENT. 



Exercise 62. — Analysis of metallic salts. 

Place the substance to be investigated in a platinum 
spoon, or form a bead of the salt on a platinum wire by 
heating the wire red-hot, and dipping it in the salt. Now 
support the spoon or wire in a Bunsen flame in front of 
and a little below the slit, examine the spectrum, and 
determine the wave-lengths of the lines. From Tables 31 
and 32 find what metals were present in the mixture. 

The spectra of the less volatile metals may be studied 
by allowing the spark from a Ruhmkorff's coil to play 
before the slit, the terminals being of the metal to be 
studied; the spectra of gases by viewing the discharge 
through vacuum tubes in which the gases are contained. 

THE DIFFRACTION SPECTRUM. 

If a ray of monochromatic light enter a darkened 
chamber at two parallel slits, aS, S' (Fig. 60), these slits 
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Fig. eo. 



may be considered two sources of light. If any point, j9, 
on a screen is farther from one of the openings than from 
the other by a distance 8 sin ^ = J A, where 8 is the dis- 
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tance apart of the slits, and the angle between aS" je?, and 
the perpendicular from aS^ upon the screen, and X is the 
wave-length of the light employed, it is evident that 
the two rays will interfere at jt?, and darkness will result 
at that point. If, however, at a point p\ the difference in 
distance is X, the waves will re-enforce each other, pro- 
ducing a bright line. Thus a series of dark and bright 
lines will appear upon the screen. If, instead of mono- 
chromatic light, white light be employed, the points of 
re-enforcement will be at different distances from for 
light of different wave-lengths. The violet will be the 
least refracted and the red most. It follows that each 
of the bright bands obtained with monochromatic light 
will, in the case of white light, be spread out into a spec- 
trum, the order of the colors in which will evidently be 
the reverse of the order in the refraction spectrum. As 
we go outward from the centre 0, the bands increase 
in width until they begin to overlap, so that beyond the 
third or fourth order they are too confused for use in 
spectrum analysis. The spectrum obtained from a single 
pair of slits is very faint. By employing a number of 
slits equidistant from each other, the brightness may be 
much increased. A glass plate ruled with a large num- 
ber of equidistant parallel lines, with transparent spaces 
between them, is called a grating, and the spectrum 
obtained with it is called a diffraction spectrum. From 
the fact that the deviation is proportional to the wave- 
length, it is often called the normal spectrum. 

Exercise 63. — To determine 8, the constant of a grating. 

By the constant of a grating is meant the average dis- 
tance between the lines. 

Adjust the spectrometer for parallel rays as in 
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Exercise 60, and place the grat- 
ing upright upon the table (se6 
Fig. 61) as nearly as possible 
at right angles to the ray of 
sodium light, by fixing the tele- 
scope upon the first bright band 
to the right, and turning the 
table slightly till the position of 
minimum deviation is obtained. 
Next set the telescope upon the 
central bright band, and then 
on the first, siecond, third, and 
fourth successively, and mea- 
sure the angular distances ^j, 
^2' ^8' ^4' ^^^^ *^® central band. 
Then — 



(1) 8 = . 



2X 



3X 



nX 



sin $1 sin $2 sin 6^ sin 0^ 

For Xno, see Table 33. 

The grating is often ruled upon a reflecting surface of 
metal. In this case the reflected ray is observed. 



Exercise 64. — To determine the wave-length of a line of the 
spectrum. 

From (1) it follows that — 

X = 8 sin d„ / n. 

Determine the wave-lengths of the principal lines of 
the spectrum of lithium in this way. 
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POLARIZATION. 

Polarized light differs from ordinary light in that the 
vibrations in the polarized ray are confined to a single 
plane. Certain substances, of which Iceland Spar is the 
best example, have the property of quenching all the 
vibrations except those taking place in two planes which 
are at right angles to each other. The velocities of the 
light in these two planes are different, hence one ray is 
refracted more than the other. This fact is made use of 




Fig, 62. 

in Nichol's prism, which is a device for obtaining a ray 
of polarized light. It consists of a crystal of Iceland 
spar cut diagonally in two at CB as shown in Fig. 62, and 
the parts cemented together again with Canada balsam. 
When a ray of light, aJ, enters the prism at 6, it is divided 
into two rays, be^ vibrating at right angles to the plane of 
the paper, and bc^ vibrating in the plane of the paper. 
The ordinary ray, Je, is most refracted, and meets the 
balsam surface at g, at an angle a little greater than the 
critical angle for the two substances, and is hence totally 
reflected to d. The extraordinary ray, 6c, passes directly 
through the prism and out at d\ If a second Nichol be 
placed in line with the first, having the plane ABCB par- 
allel to the same plane of the first prism, a ray of light 
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which has been plane polarized passing through the first 
prism will also pass through the second. If the second 
prism be turned at right angles to the .first, the ray will 
enter it in the plane of the ordinary ray, and be reflected 
out so that none of the light will pass through. For any 
other angle there will be a component in each plane, hence 
a portion of the light will pass through. 

ROTATION OP THE PLANE OP POLARIZATION. 

When the two prisms of a polariscope are crossed so 
that no light passes through, it is found that, on placing 
certain substances between the prisms, a portion of the 
light will pass. Such substances are said to rotate the 
plane of polarization. The amount of rotation may be 
measured by determining the angle through which the 
analyzer, a, of the polariscope must be turned after insert- 
ing the substance to again extinguish the light. The sub- 
stance to be investigated is held, if a solid, in a clamp, if 
a liquid, in a tube which is closed at the ends with parallel 
glass plates. As the rotation is different for light of dif- 
ferent wave-lengths, being for most substances greater for 
the violet than for the red, it is necessary to use monochro- 
matic light. Substances which rotate the plane of polar- 
ization to the right are called dextrorotary, those which 
rotate to the left, Isevorotary. 

Exercise 65. — To determine the percentage of sugar in a 
Bolutioii. 

Cross the prisms, direct the instrument at a sodium 
light, and insert the tube empty to see if there is any rota- 
tion due to the glass plates. Read the vernier for the 
position of darkness, remove the tube, and fill it with the 
solution, being careful to leave no air-bubbles in the tube. 
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Insert the tube again, and take a seeona reading for the 
position of darkness. The difference, a, of the two read- 
ings is the rotation for a column of the solution of length 
I cm. The specific rotary power of the solution for sodium 
light is — 

where I is the length in decimetres, and d the density of 
the active substance in the solution. If we multiply this 
value by the molecular weight, m, of the substance, then 
m [a] represents the molecular rotation. For convenience 
this value is usuallv divided by 100, so that — 

\m\ == . 

•- -^ 100 Id 

If there are p grams of the active substance dissolved 
in Kc.c. of the solvent, and the latter is supposed to be 
wholly inactive, — 

[a]=— , and M = joo-^- 

To determine FJ weigh the tube empty, and again when 
filled with water. 



PART II (A). 

DISCUSSION OF RESULTS. 



BBBOBS. 



Errors of observation may be divided into two general 
classes : — 

1. Constant errors, which are due to (a) faults in the 
method; (6) faults in the apparatus; (c) personal error 
(that is, a tendency on the part of the observer to commit 
certain particular faults of observation), and — 

2. Accidental errors. The first class can evidently 
only be avoided by varying the apparatus, the methods, 
and the observers. The second class, in which the errors - 
are the result of accident, may be treated by the theory of 
probabilities. This shows that, if the first class of errors 
has been eliminated, any observed value is as likely to be 
above the true one as below it ; hence, if a large number of 
observations have been taken of the same quantity, it is 
probable that the variations have been just as many and as 
great above as below the correct value. In this case, then, 
when the same quantity has been observed a number of 
times, the arithmetical mean of the observations gives the 
most probably correct result. If, upon inspection, the dif- 
ferences between the single observations and this average 
are found to be large, it is evident that the probable 
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accuracy of the work is less than it would have been 
if the differences had been small. It is shown in works 
on least squares that if n be the number of observations, 
di, dji ^ai ®^'» ^ *^® differences between the single ob- 
servations and the average, and Sc?^ represent the sum 
of the squares of tjjese differences (residuals), the prob- 
able error of the average, — 



V 71(71 — 1) 



and the probable error of a single observation — 



-±vs^ 



Example: — 

Suppose the time of swing of a torsion pendulum has 
been determined ten times, as follows: — 



Average 



TIMK OF SWING. 


d 


d^ 


22.32 sec. 


+ 0.001 


0.000001 


22.31 


+ 0.011 


0.000121 


22.36 


-0.029 


0.000841 


22.30 


+ 0.021 


0.000441 


22.34 


-0.019 


0.000361 


22.32 


+ 0.001 


0.000001 


22.32 


+ 0.001 


0.000001 


22.33 


-0.009 


0.000081 


22.29 


+ 0.031 


0.000961 


22.33 


-0.009 


0.000081 


22.321 




2 d2 = 0.002890 



The probable error of the average — 

The probable error of a single observation — 
.= ±^y/» = ±0.0119. 
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The time of swing of the pendulum is then 22.321 ± 
0.0038 sec. That is, the result is probably uncertain to 
the extent of ± 0.0038 sec. The calculation of the prob- 
able error has but little value unless the number of obser- 
vations is considerable (ten or more). 

The probable error furnishes information in regard to 
the accuracy of the work as far as it depends upon the 
accidental errors of observation, but none at all in regard 
to the constant errors. If these last have been elimiuated, 
the accuracy of the result is inversely proportional to the 
square of the probable error. 

APPBOXIMATB FORMULA FOB CALCULATIONS WITH 
SMALL QUANTITIES. 

Often in the discussions of results the mathematical 
expressions are found to contain quantities very small in 
comparison with others under consideration. If these 
small quantities be squared, the square is as much smaller 
than the quantity as this is smaller than imity. Consider- 
ing this, it is evident that in many cases it will be allow- 
able to neglect the squares and higher powers, as well as 
the products of such quantities. Thus, while 0.001 of 
a unit may be important, 0.000001 may be disregarded. 
When the expression can be brought into the form 1 plus 
or minus the small quantity, the following formulsB can 
be used to advantage. When the sign ± or ^ is placed 
before a quantity, it must be used with either the upper 
or lower sign throughout the formula. 

Let 8, €, {, i; represent fractions of unity so small 
that their squares, higher powers, and products may be 
neglected.* 

* These fofmulsB are taken from Kohlrausch's Praktische Phyaik. 
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(1) (l + 8)'» = l + m8; (1 - 8)« = 1 - w8. 

, (2) (l + 8)«=l+28; (l-8)»=l-28. 

(3) Vr+1 =1 + ^8; Vn^ = 1 - i 8. 

(7) (1±8)(1±.)(1±0 . . . =l±8±c±f . . . 

If two quantities, P^ and Pj? differ only slightly from 
each other, so that Pg == -^i + ^i their arithmetical mean 
may be used instead of their geometrical : — 

(9) VAF, = ^4^; 
also — 

(10) sin (X + 8) = sin X + 8 • cos X sin 8 = 8 ; 

(11) cos (Z + 8) = cos X — 8 • sin X cos 8 = 1 ; 

(12) tan(X+8) = tanXH \ — tan8 = 8; 

the unit angle being 67°.3, for which the arc equals the 
radius. 

DBTBBMINATION OF CONSTANTS BY THE METHOD OF 
LEAST SQUARES. 

If the result sought is not measured directly, but is 
connected with the measured quantities by an equation, 
the method of least squares furnishes the most accurate 
method of determining the values of the constants in the 
equation. This method is based on the assumption that, 
in a series of observations, small errors are more likely to 
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occur than large ones ; and the more accurate the obser- 
vations, the less will be the proportion of large errors to 
small. It is shown, on this assumption, by the theory of 
probabilities, that the accuracy is inversely proportional 
to the sum of the squares of the errors. The problem to 
be solved by least squares is in general to determine the 
equj3'tion of a curve, which, if the results were platted 
graphically, would run through them so that the sum of 
the squares of the distances of the single observed points 
from the curve would be a minimum. In all the cases 
time will be saved in the somewhat laborious calculations, 
and the accuracy of the work will not be lessened, if, when 
it is convenient to do so, instead of taking a large number 
of observations of different values of y, corresponding to 
different values of a;, a large number of observations be 
taken on each of the y's corresponding to perhaps three 
or four values of a:, chosen as far from each other as is 
convenient. Then the arithmetical mean of each of the 
y's may be found, and these mean values used in the cal- 
culations (see following cases). 

Case I. Suppose we observe several values of a quan- 
tity, which is connected with another quantity, a:, by the 

equation, — 

y = aaj; 

and it is required from these observations to determine 
the value of the constant a. The method of least squares 
states that the most probable value of (a) is that which 
makes the sum of the squares of the errors, or — 

(1) iVi — «^i)^ + (2^2 — dx^Y + {Vz — a^s)^ + etc. ; 
or, 2 (y — axy = a minimum. 

From the calculus this is a minimum when the so- 
called " normal equation " — 

(2) l,(y -^ ax)x = 
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is satisfied. This gives for {a) the probable value — 
(3) a = %xy /%x^. 

If the value of x is constant, we have a special case in which we 
can Introduce instead of ax a constant c. This gives, instead of Equa- 
tion 2, — 

S (yx — ex) =0; or 

Syx— ncx, 
where n is the number of observed values of y, then — 

(4) c = ^ 

n 

(the arithmetical mean) 

Example: — 

To find the constant (a) of an electro-dynamometer. 
The current C is connected with the angle of deflection 
by the equation, — 

C ^ = a • sin ^. 

Suppose the current corresponding to deflections of 
20°, 30°, 40°, 60°, has been found a number of times, 
and that the square of the means of these readings is 
given in the second column of the following scheme of 
calculations : — 



^ C2 SIN*^ C*-SIN* 


BIN«* 


20° 0.099 0.342 0.0339 


0.1170 


30° 0.152 0.500 0.0760 


0.2500 


40° 0.194 0.643 0.1247 


0.4134 


50° 0.230 0.766 0.1762 


0.5868 


-SC2. sin '^ = 0.4108 ^sin2«^ = 


= 1.3672 


From Equation 3, 

^ _ :^C2. sin * ^ 0.4108 _ 3^ 
^sin2«^ 1.3672 




The equation thus becomes — 




C* = 0.300 . sin «f. 





Calculating 0^ from this formula, and finding the 
deviations, c?, of the observed values, we have : — 
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OBSERVED. 


CALCULATED. 






C2 


a. 8IN ^ d 




<|2 


0.099 


0.1026 + 0.0036 




0.00001296 


0.152 


0.1500 - 0.0020 




0.00000400 


0.194 


0.1929 -0.0011 




0.00000121 


0.230 


0.2298 - 0.0002 




0.00000004 






Sd^ 


= 0.00001821 
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If any other value be taken for (a) it will be found 
that 2rf2 is increased. 

Case II. If the quantities are related by the equation 

(5) y = c + ax, 

and a number of values of y have been observed, which 
correspond to different values of x, by least squares the 
most probable values of c and a are those which make — 

2 [y — (c + (ix)Y = a minimum. 
From the calculus this equation will be true if the two 
normal equations are satisfied, — 

(6) S[y-(c+ax)] = 0; 

2 [xt/ — (ex + ax^)'] = ; 

or, more conveniently written, 

Sy — nc — a^x = ; 
and Sicy — c'Xx — a^x^ = ; 

Where n is the number of observed values of y. From 
these — 

(^xy-n%x^ ' 

To diminish the difficulties of calculation with large 
quantities, it is allowable to subtract from all the values 
of y or a; a constant quantity ; and these remainders tvill 
represent the excess of the y's or x's above the quantity 
subtracted. This subtracted quantity must be again ititro- 
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duced in the final calculations. The amount subtracted 
should be so chosen that it equals, or nearly equals, the 
smallest value of y or a:, or one of the values near 
the middle of the series. In this last case some of the 
remainders will be positive and some negative. This is 
graphically equivalent to a parallel displacement of the 
co-ordinate axes. 

Example, Case II. (From Kohlrausch's Praktische 
Physik.^ 

To find the coefficient of expansion of a metal bar. 
By comparison with a standard, the length was observed 
to be as follows : — 



TEMPKRATURB, 


LENGTH. 


TEMPERATURE. 


LENGTH. 


20° 


1000.22 mm. 


50° 


1000.90 mm. 


40° 


1000.65 


60° 


1001.05 



The formula for the length, Z, at any temperature, f, is 

where l^ is the length at the original temperature, ^^, and 
P is the coefficient of expansion. If t^ is taken as 0°, the 
formula becomes — 

Z = Z, (1 + ^0- 
Letting l^ p = a^ — 

which is an equation of the same form as (5). 

To simplify calculations, 1000 is subtracted from all 
the lengths. The remainder B = y — 1000. 

t 

20° 
40° 
50° 
60° 

St = 170° 2R = 



R 


«« 


tR 


0.22 


400 


4.4 


0.65 


1600 


26.0 


0.90 


2500 


45.0 


1.05 


3600 


63.0 


2.82 


-2^2 = 8100 


StR = 138.4 
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From Equation (7), — 

170. 138.4- 2.82 > 8100 ^_^,^ 
1702 _ 4 . 8100 

a = 170-2.82 -4. 138.4 ^ ^,^12. 
1702 _ 4 . 8100 ^ 

The length of the bar at 0°, adding the 1000 mm. 
which was subtracted, is — 

lo = 1000 - 0.196 = 999.804 mm., 
and the length at any temperature, ^, is — 
Z = 999.804 + 0.0212 if; 

calculating the lengtlis for 20% 40% 60% and 60% — 



t 


I OBSEBYED. 


I CALCULATED. 


d 


d2 


20° 


1000.22 mm. 


1000.228 mm. 


+ 0.008 mm. 


0.000064 


40° 


1000.65 


1000.652^ 


+ 0.002 


0.000004 


60° 


1000.90 


1000.864 


-0.036 


0.001296 


60° 


1001.06 


1001.076 


+ 0.026 


0.000676 
= 0.002040 



Any variation in the values of l^ and a will be found to 
increase Sc?^. The coefficient of expansion, — 

P = — = 0.0000212. 

If it is knowH for certain that the equation between the two vari- 
ables has the form y =c -\- ax, that is, that the curve represented is 
a straight line, it is possible to determine the values of the constants 
with considerable accuracy without the use of least squares. Two 
values of x, x^ , and X2 , are taken as far from each other as possible, 
and a number of observations made on the corresponding values of y, 
2/] , and ^2* ^^^ ^^^ mean of the values found for j/i be Pi, and for ^2 
be 2/2'. Then, — 

c ^ x^y^' - ggy/ . q ^ y/ - y2 

Xi — X2 ^ x^ — X2 



Case III. The equation here is, — 
(8) y = + ax + bx^, 
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and the values of the constants, c, a, and b are to be so 
determmed that — 

2 [y — (c + aa; + bx^)Y = a minimum. 
From the calculus we get the three normal equations, — 
Sy — nc — aSic — h%x^ = 0; 
(9) %xy — c%x — a%x^ — ftSaj* = ; 

^x^y — cSaj2 _ aSiK* — ^Sar* = 0. 

The values of the constants a, 6, and tf, can be derived 
from these three equations. 

Example, Case III. (From Uppenbom's Kalender 
fur Electrotechniker^ 1891.) 

The intensity of light given by a certain gas-burner is 
to be determined as a function of the height of the flame. 
The following values were found, each value of the inten- 
sity being the mean of several observations : — 



INTENSITY. 


HEIGHT OF FLAME. 


INTENSITY. 


HEIGHT OF FLAME. 


y 


X 


y 


X 


0.838 


51 


1.148 


71 


0.965 


61 


1.369 


81 



Inspection shows that y increases more than propor- 
tionally to x\ hence, it may perhaps be represented by 
Equation (8). To simplify the calculation, instead of a:, 
we will introduce a^i + 61. 



^1 


y 


^i' 


Xi» 


*i* 


Xiy 


x,^ 


-10 


0.838 


100 


-1000 


10000 


- 8.38 


83.8 





0.965 

















+ 10 


1.143 


100 


4-1000 


10000 


+ 11.43 


114.3 


+ 20 


1.369 


400 


+ 8000 


160000 


+ 27.38 


647.6 


20 


4.315 


600 


8000 


180000 


30.43 


745.7 



Introducing these values into the Equations (9), - 

4.315 - 4 ai - 20 Z^i - 600 c^ = 0. 
30.43 - 20 ai - 600 b^ - 8000 c^ = 0. 
745.7 - 600 ai - 8000 b^ - 180000 c^ = 0. 
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From these, 

«! = 0.9677, ^1 = 0.01546, c, = 0.000225, 
tj = 0.9677 + 0.01546 x^ + 0.000225 x^^ 

Or, again introducing a; = a;i -f 61, — 

y = 0.9677 + 0.01546 (x - 61) - 0.000225 (x - 61)^; 
y = 0.861865 - 0.01199 x + 0.000225 x\ 

Calculating y from this formula, — 



CALCULATED. 



d^ 



0.838 0.8356 -0.0024 0.00000576 

0.965 0.9677 +0.0027 0.00000729 

1.143 1.1448 +0.0018 0.00000324 

1.369 1.3669 -0.0021 0.00000441 



0.00002070 



The probable error in results calculated by least 
squares is expressed as follows: — 

The probable error of the single observed values of 
y is— 

of the calculated values is — 






2 

' 3\ n (n — m)^ 

where n is the number of observations, and m is the 
number of constants determined. 

For further directions for the use of least squares, cal- 
culations with approximate values of the constants. Gauss' 
Method, etc., see Kohlrausch's Praktische Physik. A 
still more extensive treatment of the subject may be found 
in the treatises of Comstock and Merriman. 



PART II (B). 

MANIPULATIONS. 



MANIPULATIONS WITH GLASS. 



To cut glass. — To cut window or plate glass in any- 
rectilinear shape, lay a large sheet of paper on a flat table, 
and lay off on the paper the size and form desired. Place 
the glass over the paper, and hold a ruler firmly upon it, 
a little to the left of the line to be cut. If a diamond is 
used, it must be held at exactly the same angle through- 
out the cut; and the pressure must not be great enough 
to cause the glass to crackle and produce a wide mark, 
the finest scratch possible being sufficient. The diamond 
must never be drawn twice over the same line. If a com- 
mon steel-wheel cutter is used, more pressure must be 
exerted than with the diamond, and the scratch must be 
deep enough to be plainly visible. After making the cut, 
grasp the pane firmly near one edge, with the thumb and 
and finger at both sides of the scratch and as near to it 
as possible, and press as if to open the crack. It should 
break on the line. If the plate is large, place it so that 
the scratch lies exactly over the edge of the table, grasp 
the overhanging edge with both hands, lift the pane 
slightly from the table, and bring it down with a quick 
motion, which will snap it off squarely, even if the scratch 

132 
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is not a good one at all points. Should any irregular pro- 
jections remain, they may be removed by means of the 
notches usually found at the sides of the glass-cutter ; or, 
much better, with a pair of good end-cutting nippers. 

The nippers serve well also for cutting small circles 
or irregular figures, after they have first been blocked out 
with the cutter. 

To cut oft a glass tube, make a clean cut across the 
tube with the comer of a sharp file, grasp the tube firmly 
in both hands, with the ends of the thumbs opposite the 
cut, and bend towards the thumbs. If the tube is a large 
one, make the cut deep, heat the end of a small glass rod 
red-hot in the flame, and press it firmly at one end of the 
cut. The glass will usually break oflP squarely. If the 
tube be very large, it may be necessary to draw the hot rod 
along the course it is desired that the crack should take, 
keeping just ahead of the crack. An iron rod may be used 
instead of a glass rod. The end of a large tube may be 
smoothed with a fine file or whetstone. The end of a 
small tube should be held in the flame till it begins to 
soften, which will be shown by its taking a yellow color, 
due to the sodium in the glass. 

To shape glass by the flame. — For most of the ordi- 
nary manipulations, the common Bunsen flame will answer. 
For large tubing, a large-sized Bunsen or blast lamp saves 
much time. For heating a small spot, as in making f 
joints, the pointed flame of the blast-lamp is almost a 
necessity. 

Glass should never be brought suddenly into a flame. 
If it is introduced and withdrawn repeatedly, and kept 
constantly in motion, it will seldom crack. If it is to be 
tough after manipulation, it should never be cooled 
directly from the hot flame, but held for a few seconds in 
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the smoky flame made by exclading the air from the 
Bonsen burner, till it is cool enough so that soot begins 
to collect upon it. Glass should never be bent or blown 
while in the flame. Keep it turning between the fingers, 
and it may be heated to any desired softness. It may 
then be taken from the flame, and manipulated at pleas- 
ure. To close the end of a small tube, hold it in the 
flame until it closes itself. To close a larger tube, heat 
the end, and draw the edges together by means of a cool 
glass rod, to which the hot glass will adhere ; pull the rod 
away suddenly, and a fine tip will remain, which may be 
removed by heating, and touching to the cold rod. If a 
small tiuck spot still remains at the end of the tube, heat 
it red-hot, remove from the flame, and blow into the open 
end. 

To join the ends of two glass tubes. — To join the ends 
of two glass tubes of different sizes, close the end of one 
of the tubes, heat it red-hot, remove from the flame, and 
blow a small uniform bulb, twirling the tube to prevent 
the bulb from settling out of shape by its own weight. 
Heat the little bulb again and blow quickly till it is so 



Fig. 63. 

thin that it bursts, brush away the thin portions, leaving 
the end as shown in Fig. 63. 

The other tube is to be treated in the same way, after 
which both ends are heated at once, pressed against each 
other until they unite, and then drawn apart a little to 
reduce the size of the joint to the size of the larger tube. 
If the tube contracts so as to make the bore too small, 



MANIPULATIONS. 135 

close the large tube with a cork, and enlarge the joint by- 
heating and blowing. 

To make a T joint, close one end of one tube, heat a 
small spot on its side, and blow a bulb there so as to give 
an opening with edges suitable for joining. The rest of 
the process is similar to that just described. Success in 
joining glass is often conditioned upon the glass being all 
of one sort. Even the trained glass-blower often fails 
when trying to work with glass of two very different 
kinds. 

To bend a glass tube, close one end, heat the place to 
be bent, remove from the flame, bend part way, heat and 
blow till of uniform size, heat a little to one side of the 
first bend and bend again, alternating bending and blow- 
ing till the desired result is obtained. A good-looking U 
tube of any considerable size is by no means easy to make. 
For small tubes, where a slight contraction in size is no 
objection, heat quite a long portion of the tube, and bend 
at once without blowing. 

To bore glass. — To bore a small hole in a glass plate, 
wet the spot with a mixture of turpentine and camphor, 
and bore with the end of a file. Large holes may be 
bored by means of a brass tube and emery powder wet 
with water. The tube should be held in place by boring 
a hole the size of the tube in a board, and cementing the 
board to the glass plate. 

Silvering glass. — The following method is recom- 
mended for producing a firm, adherent, and brilliant coat- 
ing of silver on glass. The two solutions necessary for 
this process are made as follows : — 

The reducing solution. — Dissolve 100 grams rock 
candy or pure loaf sugar in 800 c.c. distilled water, then 
add 5 C.C. nitric acid and 200 c.c. alcohol. This reducing 
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solution will keep a long time, and, indeed, improves with 
age. It should be made at least a day or two before 
using. 

The silver solution. — Dissolve 5 grams caustic potash, 
pure by alcohol, in 100 c.c. distilled water. Dissolve also 
in a separate beaker 10 grams of nitrate of silver in 100 
c.c. distilled water, and set apart about onensixth of this 
solution as a reserve. To the remaining fivensixths of the 
silver solution add ammonia drop by drop, until the dark- 
brown precipitate of oxide of silver which is formed at 
first is just dissolved, and the solution becomes clear. 
Into this mixture now pour the potash solution mentioned 
above, and the liquid will become nearly black. Then 
add ammonia once more drop by drop, until the precipi- 
tate is dissolved, and the solution again becomes clear. 
Silver solution must now be added from the reserve until 
a permanent, flocculent, dark-brown precipitate is formed. 
The solution is then filtered, and the light-brown or 
straw-colored filtrate is ready for use. 

Much of the success in silvering depends upon the 
thoroughness with which the glass surface to be silvered 
is cleaned. This is best effected by pouring nitric acid 
upon the glass, and rubbing the surface with a tuft of 
absorbent cotton or filter paper tied to a glass rod. The 
nitric acid is then washed off, and a solution of caustic 
potash poured on, and the surface again rubbed with 
another tuft of cotton. The glass must then be washed 
thoroughly with distilled water, after which care must be 
taken not to touch the surface with the fingers. 

The glass cleaned in this way is then placed in a glass 
or porcelain vessel, with the surface to be silvered upward. 
The light-brown or straw-colored filtrate mentioned above 
is then poured over the glass. If the latter is not entirely 



MAJSriPULATlONS. 137 

covered by the solutiou, distilled water must be added 
until the glass is completely submerged. Fifty c.c. of the 
reducing solution is then added; and the vessel containing 
the glass to be silvered must be gently rocked back and 
forth during the time in which the silver is depositing, 
which will be about five minutes. At first the solution 
will turn intensely black, but will gradually grow lighter 
until toward the end of the operation, when it will be 
light gray. A muddy gray precipitate will also form, and 
it is to keep this from settling upon the glass that the 
vessel must be rocked. The light-gray color of the solu- 
tion indicates the end of the silvering process. The glass 
must then be taken out, washed, and placed upon its edge 
to dry. When perfectly dry, it can be rubbed quite hard 
with a piece of chamois skin, and later polished with a 
piece of chamois skin which contains a minute quantity 
of rouge. 

The quantities here given are sufficient for a surface 
15 or 20 cm. square. 

If these instructions have been followed carefully, 
there should result a hard, firm coat of silver, which will 
not rub off when polished, and through which the sun 
appears of 'a bright-blue color. 

The following solutions * will perhaps sometimes be 
found more convenient than the above, as they may be 
kept ready for use for a long time, if kept in the dark ; 
our own experience has been, however, that the results 
are not as uniformly good as those given by the first 
method. 

(a) Five grams of silver nitrate are dissolved in about 
forty c.c. of distilled water, and ammonia is added until 
the precipitate at first thrown down almost entirely dis- 

* From Kohlrausch, Praktische Physik. 
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appears. The solution is then filtered, and diluted to 
600 CO. 

(6) One gram of silver nitrate is dissolved in a little 
hot distilled water, and this is poured into one-half litre 
of rapidly boiling distilled water. In this dissolve 0.83 
gram of Rochelle salt, and boil about twenty minutes 
till the precipitate becomes -gray, and filter while hot. 

The glass to be silvered, after being cleaned as in the 
first method, is placed in a glass dish, and covered to the 
depth of a few mm. with equal volumes of the- solutions 
(a) and (6). The silvering will be completed in about 
one hour. 

QUABTZ FIBRES. 

By far the best suspensions for galvanometers, magnet- 
ometers, electrometers, and like instruments, are quartz 
fibres, the remarkable qualities of which were first discov- 
ered a few years ago by Professor C. V. Bojrs. They are 
far superior to silk, inasmuch as they have such perfect 
elasticity that the shifting of the zero, so often seen in silk 
suspension instruments, is entirely done away with. Their 
strength is remarkable, being greater than that of any 
other known substance. 

Drawing the Fibres. — The following very simple 
method of drawing these fibres is taken, with slight 
alterations, from Professor E. L. Nichols's published 
lectures on The Gralvanometer, The apparatus consists 
of an oxyhydrogen blowpipe (the burner from a calcium 
lantern may be used), two pairs of crucible tongs, and 
some bits of white quartz. The quartz should be 
crushed into granules about three or four millimetres in 
diameter. These are placed in a cavity hollowed out in 
a block of charcoal, and, by means of the flame, melted 
together into a solid mass. This may now be placed in 
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the flame and manipulated, without the danger of the dis- 
integration which would have taken place if the crystals 
had been used in their natural state. The quartz mass 
is placed in the hottest part of the flame, and by means 
of the tongs manipulated first into a short rod and then 
drawn out into a fibre. The. size of this fibre will depend 
on the quickness of the jerk with which the drawing is 
done. These coarse fibres may be used for many pur- 
poses; and they may be reduced to any desired fineness 
by the simple process of holding the ends in the flame 
until they soften, when the rush of the heated gas from 
the burner carries them up with it, spinning them out 
to a fineness suitable for the most delicate instruments. 
These fibres, which are too small to be readily seen, may 
often be caught as they float up by the larger filaments 
which they drag behind them. Another method of cap- 
turing them is by means of a large piece of canton 
flannel, placed at a safe distance above the flame, the 
fibres catching upon the rough surface. 

The best method of preserving the fibres is by wind- 
ing them upon a frame made of two glass tubes be- 
tween two pieces of lath. The fibres are kept in place 
by rather thick shellac varnish put on the tubes just 
before the fibres are wound on. The length of the 
frame will depend upon the length of the fibres desired 
for use. 

Mounting the Fibres. — A bit of universal wax (see 
p. 142) is pinched on to each end of the fibre before 
it is taken from the frame ; by means of these it may be 
handled, and kept in position. A little melted shellac is 
placed on the points to which the fibre is to be fastened. 
The fibre is held so as to rest against the shellac, and 
a touch from a hot iron causes this to melt and envelop 
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the fibre. Owing to tlie molecular changes going on 
in the shellac, there may be a slight drift to the zero 
of the instrument for the first day or so after the fibre 
is hung. 

Quartz fibres are most excellent insulators. But if it 
is desired to make them conductors for any reason, for 
example, to make connection for an electrometer needle, 
they may be cleaned and silvered according to direc- 
tions for silvering glass (p. 135). When dry they may 
have their ends copper-plated by dipping them in a 
solution of copper sulphate, while the positive wire from 
a battery is in the solution and the negative is held in 
contact with the fibre. The coppered ends can now be 
soldered* to bits of copper foil or small copper wires. 

SOLDERING. 

The secret of success in soldering is to have both 
tool and work clean and hot. 

If the metal surfaces are new and bright, a little 
pulverized rosin will cause them to unite readily. If 
they are oxidized or oily, clean them just before apply- 
ing the solder with a solution of zinc chloride, made 
by dissolving bits of zinc in hydrochloric acid till the 
acid will dissolve no more. The surfaces should fit as 
closely as possible upon each other, and be held firmly 
together till the solder sets. Small objects, as two 
wires, may be heated in a Bunsen flame till the solder, 
which may be had in the form of wire for such purposes, 
melts when touched to it. If a soldering-iron is to be 
used, see that it is clean and well " tinned " with solder, so 
that it will readily pick up the solder. It will impart its 

* For complete directions for soldering quartz fibres, see C. V. Boys's 
"Attachment of Quartz Fibres," Phil. Mag., May, 1894, p. 463. 
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heat much more readily also when thus coated than when 
covered with rust. If the iron has become rough from 
overheating, time will be saved by " trueing it up " with 
the file. Copper, brass, iron, in fact, all the metals com- 
monly employed in the laboratory, except aluminum, may 
be soldered to each other without difficulty. With lead 
and with zinc in thin sheets care must be taken not to melt 
the metal. In soldering large pieces of metal which cannot 
be conveniently heated otherwise, the hot iron should be 
held upon the joint to heat it, and the iron again heated 
before the solder is applied. Until iron and work are hot 
enough so that the solder flows freely, any attempt to 
make a joint is a waste of time. If the work is held in 
an iron vise, it should be kept away from the iron by 
strips of wood, otherwise the large mass of metal will 
conduct away the heat. 

If a long joint is to be made, the pieces may be held 
together at one or two points by drops of solder, while the 
remainder is soldered. 

If the joint when made is a strong one throughout, but 
not smooth, go over it slowly with a hot iron. 

CLEANING MERCURY. 

Commercial mercury is comparatively pure chemically. 
It may be freed from mechanical impurities by filtering 
through a piece of paper which has several pin-holes 
pricked through it at the point, or by holding a large 
card firmly against the edge of a small evaporating- 
dish, and allowing the mercury to flow out under the 
card. 

Mercury combines with zinc and lead so readily that 
it is likely to contain these metals as impurities after 
being used in the laboratory. These may be removed by 



142 PHYSICAL MEASUREMENT, 

washing with dilute nitric acid, or better, with a solution 
of 5 g. potassium bichromate and 5 c.c. sulphuric acid in 
one litre of water, and drying with filter paper. 

The only method of obtaining absolutely pure mer- 
cury is by distillation in a vacuum, for which purpose 
a specially constructed glass still is required. 

The free sulphur contained in the rubber tubes, used 
in Geissler pumps and other apparatus, frequently con- 
taminates the mercury in its passage -through them. This 
may be prevented by coating the inside of the tube with 
the rubber solution described below. 

CEMENTS AND VARNISHES. 

1. For Glass. Two parts shellac dissolved in 1 part 
turpentine, and cast into sticks. 

2. Hard Wax. Equal parts beeswax and rosin melted 
together. 

3. Universal Wax (soft). Melt together 1 part Venice 
turpentine and 5 parts beeswax. Color with vermilion. 

4. Rubber Cement. Burgundy pitch 2 parts, beeswax 
1 part, gutta-percha 1 part. Melt the pitch and beeswax 
together, add the guttarpercha in thin strips, and boil till 
it is melted. 

5. Photographers' Paste. Dissolve 4 ounces of gela- 
tine in 16 ounces of water, add 1 ounce of glycerine and 5 
ounces of alcohol. 

This is excellent for mounting paper scales on wood, etc., 
as it does not curl the paper. It is well suited also for use 
in prisms, for carbon disulphide. Set the vessel containing it 
in hot water a few minutes before it is wanted for use. 

6. Mat Black Varnish. A solution of sandarac in 
alcohol, mixed with fine lampblack ; dries without gloss, and 
becomes hard without being brittle. 

7. Rubber Solution. Dissolve pure gutta-percha in 
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chloroform, shaking the bottle occasionally, till no more will 
dissolve ; decant, and keep well stoppered. 

8. Lacquer for Brass. Dissolve J pound pale shellac 
in 1 gallon alcohol; decant or filter, and keep in a closed 
bottle, excluded from the light. Heat the brass to about 
100° C, and apply two coats in rapid succession, with a 
camePs-hair brush. 

STANDARD CELL. 

A form of standard Daniell cell which is well adapted 
for general use in the laboratory with the electrometer can 
be easily made as follows : Nearly fill two small test-tubes 
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Fig, 64. 



(see Fig. 64), the one with a saturated solution of pure 
zinc sulphate, and the other with pure saturated copper 
sulphate. The two test-tubes are now connected by 
means of a JJ shaped capillary tube. This is filled with 
water and the water blown out, thus leaving the inside 
of the tube wet. It is then inserted inside the test-tubes ; 
and the coating of moisture is sufficient to make electrical 
connection between them, while the diffusion of the two 
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liquids is entirely prevented. The moisture cannot evapo- 
rate from the inside of the capillary tube, as, of course, the 
. air is saturated. 

The positive electrode is formed by depositing electro- 
l3i;ic copper from a solution of pure copper sulphate on 
a copper wire. The negative electrode is made of a strip 
of twice distilled zinc. The mouths of the test-tubes are 
stopped with corks through which the capillary tube and 
the electrodes run, the liquids are heated to expel the air, 
and the whole is sealed up, while hot, with marine glue. 

The advantages of this cell are, its ease of preparation ; 
its freedom from the likelihood of injury, as leaving it 
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Fig. 65. 

short-circuited has no effect upon it, since its internal 
resistance is several million ohms ; and its small tempera- 
ture coefficient, which is practically negligible for the ordi- 
nary range of laboratory temperature. The E.M.F, is 
1.072 volts. If ordinary commercial salts and metals be 
used in its preparation, the E.M.F. of the cell may vary 
by two or three tenths of one per cent from the above 
amount. 

WATER BATTERIES. 

The water battery of Rowland consists of a series oi 
zinc and copper pairs cemented to the lower side of a glass 
plate, each pair being so near to the next that when the 
tips of the metal strips are dipped in water a layer of water 
will be held between the strips by capillary action. 
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The form about to be described can be as easily filled 
as Rowland's, and does not require filling again for several 
weeks. Cut the required number of zinc and copper strips 
12 cm. long and 3 mm. wide. Bend them by means of a 
form made by driving small nails in a block of wood in the 
shape shown in Fig. 65. Saw cuts 3 mm. deep and 28 mm. 
apart in strips of dry pine wood 8 mm. thick, 28 mm. wide, 
and 34 cm. long, ten cuts in one edge of each strip. The 
zinc and copper pairs are first soldered together and then 
slipped into the cuts, after which 10 strips are mounted, 
with the addition of a blank strip to hold the last row 




Fig. 66. 

in place in the grooved end pieces, fastened firmly with 
nails, and the whole inverted for a few minutes in a pan 
containing shellac varnish to the depth of 2 cm. to insure 
perfect insulation on the part of the wood. The battery 
is now completed by springing a 1 drachm homoeopathic 
vial over each pair (see Fig. 66). The metal strips are so 
spaced that they hold the bottles in place without any other 
support. The battery is filled without wetting the frame 
in the least, by setting it over a pan, and filling the pan 
with water to the depth of 6 cm. 
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Ten such frames of 100 cells eaclu giving a potential 
of 1000 V. are placed five deep in a portable rack of wood, 
which should have shallow pans of tin below each frame to 
prevent wetting the frame below. This precaution will 
not be needed if the bottles are allowed to dry off before 
placing them in the rack. 



PART IV. 

TABLES. 



Note. — Tables 4-13 and 29-31 are from Kohlrausclfs Praktiache 
Phynik. Tables 44-60 are from the Smithsonian Tables. All 
values given in the Tables are for a temperature of 15° C. where 
another temperature is not specified. 
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1. Density of the More Important ElementB at 0°. 



Elemext. 



Alominnm 
Antimony . . 
Arsenic . . . 
Barium . . . 
Bismath . . 
Boron . . . 
Bromine . . 
Cadmium . . 
Calcium . . . 
Carbon . . . 

Diamond . 

Graphite . 

Gas Carbon 

Charcoal . 
Chlorine . . 
Chromium . . 
Cobalt . . . 
Copper . . . 
Fluorine . . 
Gold .... 
Hydrogen . . 
Iodine . . . 
Iron .... 

Wrought . 

Cast . . . 

Steel . . 
licad .... 
Lithium . . . 
Magnesium 
Manganese . . 
Mercury . . . 
Nickel . . . 
Nitrogen . . 
Oxygen . . . 
Phosphorus 

Common . 

Red . . . 

Metallic . 
Platinum . . 
Potassium . . 
Silicon . . . 
Silver . . . 
Sodium . . . 
Strontium . . 
Sulphur . . . 
Tin .... 
Zinc .... 



Symbol. 



Al. 

Sb. 

As. 

Ba." 

Bi. 

B. 

Br. 

Cd. 

Ca. 

C. 



CI. 

Cr. 

Co. 

Cu. 

F. 

Au. 

H. 

I. 

Fe. 



Pb. 

Li. 

Mg. 

Mn. 

Hg. 

Ni. 

N. 

O. 

P. 



Pt. 
K. 

Si. 

Ag. 

Na. 

Sr. 

S. 

Sii. 

Zn. 



Atomic 
Weight. 



27.3 

122.0 

74.9 

136.8 

207.5 

11.0 

79.75 

111.6 

39.9 

11.97 



35.36 

52.4 

58.6 

63.3 

19.1 

196.2 
1. 

126.53 
55.9 



206.4 
7.01 
23.94 
54.8 

199.8 
58.6 
14.01 
15.96 
30.96 



196.7 
39.03 
28 

107.66 
23 
87.2 
31.98 

118.8 
64.9 



Deusity. 



2.60 
6.71 
6.73 
3.76 
9.80 
2.57 
3.16 
8.60 
1.57 

3.62 
2.30 
1.89 
1.6 

0.00317 
6.60 
8.6 
8.92 
0.00171 
19.32 
0.0000896 
4.95 

7.82 

7.65 

7.70 
11.37 

0.59 

1.74 

7.39 
13.6 

8.9 

0.001255 

0.00143 

1.83 

2.20 

2.34 
21.50 

0.87 

2.39 
10.53 

0.978 

2.64 

2.07 

7.29 

7.15 
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2. Density of Solids (Not Elements^. 



Substance. 



Density. 



Substance. 



Density. 



Asbestos 
Brass . 
Bronze 
Chalk 
Coal . 
Cork . 
Feldspar 
German Silver 
Glass, common 

Hint . 
Granite . . 
Gypsum . . 
Ice . . . 
Iceland Spar 
Ivory . . . 
Marble . . 



2.4 

8.1-8.6 

8.7 

2.3-3.2 

1.4-1.8 

0.14-0.3 

2.55 

8.5 

2.5-2.7 

3.3-3.8 

2.5-2.9 

2.3 

0.917 

2.75 

1.9 

2.65-2.8 



Mica . . . 
Paraffine . 
Porcelain . 
Quartz . . 
Rubber, soft 

vulcanite 
Salt, rock 
Sand . . 
Sandstone 
Sugar 
Tallow . 
Wax . . 
Wood — 

Ebony 

Oak . 

Pine . 



2.65-2.93 

0.87-0.91 

1.74-2.38 

2.65 

0.92-0.99 

0.97 

2.16 

2.8 

2.36 

1.58 

0.92 

0.96 

1.2 
0,7 
0.5 



3. Density of Liquids. 



Substance. 



Density. 



Substance. 



Density. 



Acids — Acetic . . . 

Hydrochloric . 

Nitric .... 

Sulphuric . . 

Acetone 

Alcohol, absolute, 20^ . 
90 per cent, 20° 

Aldehyde 

Benzine 



1.06 

1.206 

1.53 

1.85 

0.79 

0.789 

0.818 

0.81 

0.88 



Chloroform 
Carbon Disulphic 
Ether. . , 
Glycerine . 
Linseed Oil 
Olive Oil . 
Petroleum . 
Turpentine 
Sea Water . 



1.53 

1.29 

0.74 

1.26 

0.94 

0.95 

76-83 

0.87 

1.026 



4 


Reduction of Arbitrary Hydrometer Scales. 


Lighter than Water. 


Heavier than Water. | 


Sp.gr. 


Baam^. 


Beck. 


Cartier. 


Sp. gr. 


Baum^. 


Beck. 


Twaddell. 


0.76 


58*.4 


56'.7 




1.0 


O'.O 


o-.o 


O'.O 


0.80 


46.3 


42.5 


43.0 


1.1 


13.2 


15.4 


20.0 


0.85 


35.6 


30.0. 


33.6 


1.2 


24.2 


28.3 


40.0 


0.90 


26.1 


18.9 


25.2 


1.3 


33.5 


39.2 


60.0 


0.95 


17.7 


8.9 


17.7 


1.4 


41.5 


48.6 


80.0 


1.00 


10.0 


0.0 


11.0 


1.5 


48.4 


56.7 


100.0 










1.6 


54.4 


63.7 


120.0 










1.7 


59.8 


70.0 


140.0 










1.8 


64.5 


75.6 


160.0 










1.9 


68 .6 




180.0 










2.0 


72.6 




200.0 
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5. 


Density of Aqueous Solutions. 






4 


1 DENSITY. 




H,SO^ 


HNO3 


HCl 


CuSO^ 


ZnSO* 


PbAc, 


Sugar 


Alcohol 
(Vol.) 





0.999 


0.999 


0.999 


0.999 


0.999 


0.999 


0.999 


0.999 





6 
10 
15 
20 


1.033 
1.068 
1.105 
1.143 


1.029 
1.058 
1.089 
1.121 


1.024 
1.049 
1.074 
1.100 


1.050 
1.103 
1.161 
(1.225) 


l.a52 
1.108 
1.168 
1.236 


1.037 
1.076 
1.119 
1.164 


1.019 
1.039 
1.060 
1.082 


0.992 
0.986 
0.980 
0.976 


5 
10 
15 
20 


2p 
30 
35 
40 

45 
60 


1.182 
1.223 
1.264 
1.307 

1.352 
1.399 
1.449 
1.503 


1.154 
1.187 
1.220 
1.253 

1.287 
1.320 
1.350 
1.377 


1.126 
1.152 
1.177 
1.200 




1.307 
1.382 


1.213 
1.266 
1.324 
1.388 


1.105 
1.129 
1.153 
1.178 

1.205 
1.232 
1.260 
1.289 


0.970 
0.965 
0.958 
0.951 

0.943 
0.933 
0.923 
0.913 


25 
30 
35 
40 

45 
60 
65 
60 


AgNO, 

5% 1.043 

10'* 1.090 

15 " 1.141 

20" 1.197 


65 
70 
75 
80 


1.558 
1.616 
1.676 
1.734 


1.402 
1.424 
1.443 
1.461 




25" 1.257 
30" 1.323 
35" 1.396 
40" 1.479 




1.319 
1.349 
1.382 


0.901 
0.389 
0.876 
0.863 


65 
70 
75 
80 


85 

90 

95 

100 




1.786 
1.819 
1.839 
1.838 


1.479 
1.497 
1.514 
1.530 




45 " 1.572 
50" 1.677 
55" 1.792 
60" 1.919 






0.849 
0.833 
0.815 
0.793 


85 

90 

95 

100 




NaOH 


NaCl 


NaNO, 


Na,SO^ 


Na,CO, 


CaCl, 


BaCl, 


MgSO^ 


0.999 


0.999 


0.999 


0.999 


0.999 


0.999 


0.999 


0.999 


5 
10 
15 
20 


1.056 
1.111 
1.166 
1.222 


1.035 
1.072 
1.110 
1.150 


1.032 
1.067 
1.103 
1.141 


1.045 
1.092 


1.052 
1.106 
(1.159) 


1.042 
1.086 
1.133 
1.181 


1.045 
1.094 
1.148 
1.205 


1.051 
1.105 
1.161 
1.221 


5 
10 
15 
20 


25 
30 
35 
40 


1.277 
1.333 
1.387 
1.442 


1.191 


1.181 
1.223 
1.267 
1.314 






1.232 
1.286 
1.343 
1.402 


1.269 


1.284 


25 
30 
35 
40 


45 
50 




1.496 
1.548 




1.366 
1.417 












45 
60 




KOH 


KCl 


KNO3 


K.SO^ 


K,C03 


K.Cr.O, 


NH, 


NH4CI 


0.999 


0.999 


0.999 


0.999 


0.999 


0.9i)9 


0.999 


0.999 


5 
10 
15 
20 


1.045 
1.092 
1.141 
1.191 


1.032 
1.065 
1.099 
1.135 


1.031 
1.064 
1.099 
1.135 


1.040 
(1.083) 


1.045 
1.092 
1.141 
1.192 


1.036 
1.072 
1.109 


0.978 
0.958 
0.941 
0.924 


1.016 
1030 
1.044 
1.058 


5 
10 
15 
20 


25 
30 
35 
40 


1.242 
1.295 
1.349 
1.406 


(1.172) 






1.245 
1.300 
1.358 
1.417 




0.910 
0.897 
0.885 


1.073 


25 
30 
35 
40 


45 
60 


1.466 
1.528 








1.479 
1.543 








45 
60 
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6. Density, D, of "Water at 
Temperature, t°,. 



t. 


D. 


DiFF. 


or 
1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 


0.99988 
0.99993 
0.99997 
0.99999 
1.00000 
0.99999 
0.99997 
0.999M 
0.99988 
0.99982 
0.99974 
0.99965 
0.99955 
0.99943 
0.99930 
0.99915 
0.99900 
0.99884 
0.9986(> 
0.99847 
0.99827 
0.99806 
0.99785 
0.99762 
0.99738 
0.99714 
0.99689 
0.99662 
0.99635 
0.99607 
0.99579 


— 5 

— 4 

— 2 

— 1 
+ 1 

2 

3 

6 

6 

8 

9 

10 

12 

13 

15 

15 

16 

18 

19 

20 

21 

21 

23 

24 

24 

25 

27 

27 

28 

28 



7. Expansion of Water from 
OP to 100°. 

Volume of 1 Gram of Water 
in Cubic Centimetres. 



Temp. 


Volume. 


life. PER 1'. 


0- 


1.0001 




4 


1.0000 




10 


i.ooas 




15 


1.0009 


0.00012 
0.00016 


20 


1.0017 




25 


1.0029 


0.00024 
0.00028 


30 


1.0043 


0.00032 


35 


1.0059 




40 


1.0077 


0.00036 


45 


1.0097 


0.00040 


50 


1.0120 


0.00046 


55 


1.0144 


0.00048 


60 


1.0170 


0.00052 


65 


1.0197 


0.00054 


70 


1.0227 


0.00080 


75 


1.0258 


0.00062 


80 


1.0290 


0.00064 


85 


1.0323 


0.00066 


90 


1.0358 


0.00070 


95 


1.0395 


0.00074 


100 


1.0432 


0.00074 



8. Density of Gases. 



Gas. 


Density. 


At (P temp, and 760 ram. 
pressure compared to 
water. 


Compared to air at sim- 
ilar pressure and tem- 
perature. 


Air 

Oxygen 

Nitrogen 

Hydrogen 

Carbon dioxide . . . 
Alcohol vapor at 78.4°. 
Ether vapor at 35.5° . 
Water vapor .... 


0.0012928 

0.0014293 

0.0012557 

0.00008954 

0.0019767 


1.00000 

1.10563 

0.97137 

0.06926 

1.52910 

1.61 

2.59 

0.6230 
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9. Density of Dry Atmospheric Air at Temperature, t, and 
Barometric Pressure, b, reckoned from the Formula, — 



D = 



0.001293 b 

1+ 0.00367 < 760' 



Tem- 
pera- 
ture. 


Pressdbb. 




n 


6 = 700 


710 


720 


7S0 


740 


760 


760 


770 


P. P. 
17 


t 


0.00 


0.00 


0.00 


0.00 


0.00 


0.00 


0.00 


0.00 


0* 


1191 


1208 


1225 


1242 


1259 


1276 


1293 


1310 


mm. 
1 
2 
3 
4 
5 




1 


1187 


1204 


1221 


1237 


1254 


1271 


1288 


1305 


2 


2 


1182 


1199 


1216 


1233 


1250 


1267 


1284 


1301 


3 


3 


1178 


1195 


1212 


1228 


1245 


1262 


1279 


1296 


5 


4 


1174 


1191 


1207 


1224 


1241 


1258 


1274 


1291 


7 

8 

10 


5 


1170 


1186 


1203 


1220 


1236 


1253 


1270 


1286 


6 


6 


1105 


1182 


1199 


1215 


1232 


1249 


1265 


1282 


7 


12 


, 7 


1161 


1178 


1194 


1211 


1227 


1244 


1261 


1277 


8 


14 


. 8 


1157 


1174 


1190 


1207 


1223 


1240 


1266 


1273 


9 


15 


9 


1153 


1169 


1186 


1202 


1219 


1235 


1252 


1268 


16 


10 


1149 


1165 


1181 


1198 


1214 


1231 


1247 


1264 


mm.| 


11 


1145 


1161 


1177 


1194 


1210 


1227 


1243 


1259 


1 


2 


12 


1141 


1157 


1173 


1190 


1206 


1222 


1238 


1255 


2 


3 


13 


1137 


1153 


1169 


1185 


1202 


1218 


1234 


1260 


3 


6 


14 


1133 


1149 


1165 


1181 


1198 


1214 


1230 


1246 


4 


6 


15 


1129 


.1145 


1161 


1177 


1193 


1209 


1226 


1242 


5 


8 


16 


1125 


1141 


1157 


1173 


1189 


1206 


1221 


1237 


6 


10 


17 


1121 


1137 


1153 


1169 


1185 


1201 


1217 


1233 


7 


11 


18 


1117 


1133 


1149 


1165 


1181 


1197 


1213 


1229 


8 


13 


19 


1113 


1129 


1145 


1161 


1177 


1193 


1209 


1225 


9 14 


20 


1110 


1125 


1141 


1157 


1173 


1189 


1205 


1220 


15 


21 


1106 


1122 


1137 


1153 


1169 


1185 


1200 


1216 


mm. 




22 


1102 


1118 


1133 


1149 


1165 


1181 


1196 


1212 


1 


1 


23 


1098 


1114 


1130 


1145 


1161 


1177 


1192 


1208 


2 


3 


24 


1095 


1110 


1126 


1141 


1157 


1173 


1188 


1204 


3 


4 


25 


1091 


1106 


1122 


1138 


1153 


1169 


1184 


1200 


4 
6 


C 

7 

9 

10 

12 


26 


1087 


1103 


1118 


1134 


1149 


1165 


1180 


1196 


(5 


27 


1084 


1099 


1115 


1130 


1146 


1161 


1176 


1192 


7 


28 


1080 


1095 


nil 


1126 


1142 


1157 


1173 


1188 


*8 


29 


1076 


1092 


1107 


1123 


1138 


1153 


1169 


1184 


9 


1Q 


30 


1073 


1088 


1103 


1119 


1134 


1149 


1165 


1180 





TABLES. 
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10. Reduction of Volume of Gas to OP C. a = 0.003665. 



t 


1+at 


t 


1+at 


t 


1+at 


t 


1+at 


t 


1-hat 


Prop. 
Parts. 


or 


1.0000 


20- 


1.0733 


40' 


1.1466 


GOT 


1.2199 


80° 


1.2932 




1 


1.0037 


21 


1.0770 


41 


1.1503 


61 


1.2236 


81 


1.296^ 


16 


2 


1.0073 


22 


1.0806 


42 


1.1539 


62 


1.2272 


82 


1.3005 


1 


2 


3 


1.0110 


23 


1.0843 


43 


1.1576 


63 


1.2309 


83 


1.3042 


2 


3 


4 


1.0147 


24 


1.0880 


44 


1.1613 


64 


1.2346 


84 


1.3079 


3 


5 


5 


1.0183 


25 


1.0916 


45 


1.1649 


65 


1.2382 


85 


1.3115 


4 


6 


6 


1.0220 


26 


1.0953 


46 


1.1686 


66 


1.2419 


86 


1.3152 


5 


8 


7 


1.0257 


27 


1.0990 


47 


1.1723 


67 


1.2456 


87 


1.3189 


6 


10 


8 


1.0293 


28 


1.1026 


48 


1.1759 


68 


1.2492 


88 


1.3225 


7 


11 


9 

i(r 


1.0330 
1.0366 


29 
30- 


1.1063 
1.1099 


49 
50* 


1.1796 
1.1832 


69 
70" 


1.2529 
1.2565 


89 
.90» 


1.3262 
1.3298 


8 
9 


13 

14 


11 


1.0403 


31 


1.1136 


51 


1.1869 


71 


1.2602 


^ 


1.3335 


17 


12 


1.0440 


32 


1.1173 


52 


1.1906 


72 


1.2639 


92 


1.3372 


1 


2 


13 


1.0476 


33 


1.1209 


53 


1.1942 


73 


1.2675 


93 


1.3408 


2 


3 


14 


1.0513 


34 


1.1246 


54 


1.1979 


74 


1.2712 


94 


1.3445 


3 


5 


15 


1.0550 


35 


1.1283 


55 


1.2016 


75 


1.2749 


95 


1.3482 


4 


7 


16 


1.0586 


36 


1.1319 


56 


1.2052 


76 


1.2785 


96 


1.3518 


5 


8 


17 


1.0623 


37 


1.1356 


57 


1.2089 


77 


1.2822 


97 


1.3555 


6 


10 


18 


1.0660 


38 


1.1393 


58 


1.2126 


78 


1.2859 


98 


1.3592 


7 


12 


19 


1.0696 


39 


1.1429 


59 


1.2162 


79 


1.2895 


99 


1.3628 


8 


14 


20- 


1.0733 


40" 


1.1466 


60- 


1.2199 


80' 


1.2932 


100- 


1.3665 


9 
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11. Reduction to "Weight in Vacuo of the Weight of a Body 
of Density, D, weighed in Air with Brass Weights. 



D 


k 


D 


k 


D 


k 


D 


k 


0.7 


+ 1.57 


1.6 


+ 0.61 


5 


+ 0.097 


14 


— 0.057 


0.8 


1.36 


1.7 


0.56 


6 


+ 0.057 


15 


— 0.063 


0.9 


1.19 


1.8 


0.52 


7 


+ 0.029 


16 


^0.068 


1.0 


1.06 


1.9 


0.49 


8 


+ 0.007 


17 


— 0.072 


1.1 


0.95 


2.0 


0.46 


9 


— 0.009 


18 


— 0.076 


1.2 


0.86 


3.0 


0.26 


10 


— 0.023 


19 


— 0.080 


1.3 


0.78 


4.0 


0.16 


11 


— 0.034 


20 


— 0.083 


1.4 


0.71 


5.0 


0.10 


12 


— 0.043 


21 


— 0.086 


1.5 


0.66 






13 


— 0.050 







Eeckoned from the formula, 



1000 



= 0,0012 



\D 8.4J- 



If the weighed body has the density, 2), and its weight in air be m 
grams, mk mg. must be added to reduce the weighing to vacuo. 
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12. Hyg^rcnnetxy Table. 



Prewnre of aqoeoiiB Tapor,p', and 

of air. wit! 



it of wBter, A, contained in 1 enbie metre 
dew-point, t. 



t 


p' 


h 


' / 


1. ' 


h 


t 


P' 


1 k 


t 


P- 


h 




mm. 


%' 




mm. 


g- 




mm. 


K- 


' 


mm. 


«• 


— 10- 


2.0 


2.1 


0* 


4.6 


4.9 


lor 


• 9.1 


9.4 


2(r 


17.4 


17.2 


— 9 


2.2 


2.4 


1 


4.9 


5.2. 


11 


1 9.8 


! 10.0 


21 


18.5 


18.2 


- 8 


2.4 


2.7 


2 


5.3 


5.6 


12 


10.4 


' 10.6 


22 


19.7 


19.3 


— 7 


2.6 


3.0 


3 


5.7 


6.0 ;| 
6.4!; 


13 


lll.l 


j 11.3 


23 


20.9 


20.4 


— 6 


2.8 


3.2 


1 ^ 


6.1 


14 


11.9 


12.0 


.24 


22.2 


21.5 


— 5 


3.1 


3.5 


5 


6.5 


6.811 


15 


1 12.7 


: 12.8 


25 


23.6 


22.9 


— 4 


3.3 


3.8L 


6 


7.0 


7.3 


16 


; 13.5 


j 13.6 


26 


25.0 


24.2 


— 3 


3.6 


4.1 


7 


7.5 


7.7 


17 


14.4 


1 14.5 


i27 


26.5 


25.6 


— 2 


3.9 


4.4 


8 


8.0 


8.1 


18 


15.4 


1 15.1 


28 


28.1 


27.0 


— 1 


4.2 


4.6 


9 


8.5 


8.8, 


19 


16.3 


1 16.2 


29 


29.8 


28.6 


-cr 


4.6 


4.9 


.lOr 


9.1 


20* 


! 17.4 


1 17.2 


k 


31.6 


30.1 



13. Capillary Depression of Mercury. 



DlAVETEB. 






Height of Mkxiscus 


IS MM. 
























0.4 


0.6 


0.8 


1.0 


1.2 


1.4 


1.6 


1.8 


mm. 


mm. 


mm. 


mm. 


mm. 


mm. 


mm. 


mm. 


mm. 


4 


0.83 


1.22 


1.54 


1.98 


2.37 








5 


0.65 


0.86 


1.19 


1.45 


1.80 








6 


0.27 


0.41 


0.56 


0.78 


0.98 


1.21 


1.43 




7 


0.18 


0.28 


0.40 


0.53 


0.67 


0.82 


0.97 


1.13 


8 




0.20 


0.29 


0.38 


0.46 


0.56 


0.65 


0.77 


9 




0.15 


0.21 


0.28 


0.33 


0.40 


0.46 


0.52 


10 






0.15 


0.20 


0.25 


0.29 


0.33 


0.37 


11 




. . 


0.10 


0.14 


0.18 


0.21 


0.24 


0.27 


12 






0.7 


0.10 


0.13 


0.15 


0.18 


0.19 


13 




• • 


0.4 


0.07 


0.10 


0.12 


0.13 


0.14 



TABLES. 
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13 a. Barometer Correction for Temperature, t, for the Expan- 
sion of the Mercury and Brass Scale, the latter having 
a Coefficient, a = 0.000019. The Correction is to be sub- 
tracted. 



t 


680 


690 


700 


710 


720 


780 


740 


760 


760 


770 




mm. 


mm. 


mm. 


mm. 


mm. 


mm. 


mm. 


mm. 


mm. 


mm. 


V 


0.11 


0.11 


0.11 


0.12 


0.12 


0.12 


0.12 


0.12 


0.12 


0.12 


2 


0.22 


0.22 


0.23 


0.23 


0.23 


0.24 


0.24 


0.24 


0.25 


0.25 


3 


0.33 


0.34 


0.34 


0.35 


0.35 


0.35 


0.36 


0.36 


0.37 


0.37 


4 


0.44 


0.45 


0.45 


0.46 


0.47 


0.47 


0.48 


0.49 


0.49 


0.50 


5 


0.55 


0.56 


0.57 


0.58 


0.58 


0.59 


O.CO 


0.61 


0.62 


0.62 


6 


0.66 


0.67 


0.68 


0.69 


0.70 


0.71 


0.72 


0.73 


0.74 


0.75 


7 


0.77 


0.78 


0.79 


0.81 


0.82 


0.83 


0.84 


0.85 


0.86 


0.87 


8 


0.88 


0.89 


0.91 


0.92 


0.93 


0.95 


0.96 


0.97 


0.98 


0.99 


9 


0.99 


1.01 


1.02 


1.04 


1.05 


1.06 


1.08 


1.09 


1.11 


1.12 


10 


1.10 


1.12 


1.13 


1.15 


1.17 


1.18 


1.20 


1.22 


1.23 


1.25 


11 


1.21 


1.23 


1.25 


1.27 


1.28 


1.30 


1.32 


1.34 


1.35 


1.37 


12 


1.32 


1.34 


1.36 


1.38 


1.40 


1.42 


1.44 


1.46 


1.48 


1.50 


13 


1.43 


1.45 


1.47 


1.50 


1.52 


1.64 


1.56 


1.58 


1.60 


1.62 


14 


1.54 


1.56 


1.59 


1.61 


1.63 


1.66 


1.68 


1.70 


1.72 


1.75 


15 


1.65 


1.68 


1.70 


1.73 


1.75 


1.77 


1.80 


1.82 


1.85 


1.87 


16 


1.76 


1.79 


1.81 


1.84 


1.87 


1.89 


l.t)2 


1.1)4 


1.97 


2.00 


17 


1.87 


1.90 


1.93 


1.96 


1.98 


2.01 


2.04 


2.07 


2.09 


2.12 


18 


1.98 


2.01 


2.04 


2.07 


2.10 


2.13 


2.16 


2.19 


2.22 


2.25 


19 


2.09 


2.12 


2.15 


2.19 


2.22 


2.25 


2.28 


2.31 


2.34 


2.37 


20 


2.20 


2.24 


2.27 


2.30 


2.33 


2.37 


2.40 


2.43 


2.46 


2.49 


21 


2^1 


2.35 


2.38 


2.42 


2.45 


2.48 


2.52 


2.55 


2.59 


2.G2 


22 


2.42 


2.46 


2.49 


2.53 


2.57 


2.60 


2.64 


2.67 


2.71 


2.74 


23 


2.53 


2.57 


2.61 


2.65 


2.68 


2.72 


2.76 


2.79 


2.83 


2.87 


24 


2.64 


2.68 


2.72 


2.76 


2.80 


2.84 


2.88 


2.92 


2.95 


2.99 


25 


2.75 


2.79 


2.84 


2.88 


2.92 


2.96 


3.00 


3.04 


3.08 


3.12 


26 


2.86 


2.91 


2.95 


2.99 


3.03 


3.07 


3.12 


3.16 


3.20 


3.24 


27 


2.97 


3.02 


3.06 


3.11 


3.15 


3.19 


3.24 


3.28 


3.32 


3.37 


28 


3.08 


3.13 


3.18 


3.22 


3.27 


3.31 


3.36 


3.40 


3.45 


3.49 


29 


3.19 


3.24 


3.29 


3.34 


3.38 


3.43 


3.48 


3.52 


3.57 


3.()2 


30 


3.30 


3.35 


3.40 


3.45 


3.50 


3.55 


3.60 


3.05 


3.69 


3.74 
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14. Thermometer Correotion for the Projecting Mercury 
Thread. 

n B length in degrees of the projecting thread. 

t—i* a difference between the reading of the thermometer and the temperature 
of the air. 



n 
10 


30 

ao4 


35 


40 


45 


50 


55 


60 


65 


70 


75 


80 


85 


t^t' 


0.04 


0.06 


0.05 


0.05 


0.06 


0.06 


0.07 


om 


0.09 


0.10 


0.10 


n 
10 


20 


0.12 


0.12 


0.13 


0.14 


0.15 


0.16 


0.17 


0.18 


0.19 


0.20 


0.22 


0.23 


20 


dO 


0.21 


0.22 


0.23 


0.24 


0.25 


0.25 


0.27 


0.29 


0.31 


0.33 


0.35 


0.37 


30 


40 


0.28 


0.29 


0.31 


0.33 


0.35 


0.37 


0.39 


0.41 


0.43 


0.45 


0.48 


0.51 


40 


50 


0.36 


0.38 


0.40 


0.42 


0.44 


0.46 


0.48 


0.50 


0.53 


0.57 


0.61 


0.65 


50 


60 


0.45 


0.48 


0.51 


0.53 


0.55 


0.57 


0.60 


0.63 


0.66 


0.69 


0.73 


0.78 


60 


70 


. . 


. 


, 


. . 


. . 


0.66 


0.69 


0.71 


0.75 


0.81 


0.87 


0.92 


70 


80 


. 


, 




, 


. . 


. . 


0.76 


0.81 


0.87 


0.93 


1.00 


1.06 


80 


90 


, 


. 


. 


. , 


, , 


, 


, . 


0.92 


0.99 


1.06 


1.13 


1.20 


90 


100 


• • 




• • 


• • 


• • 


• • 


• • 


• • 


1.10 


1.18 


1.26 


1.34 


100 



15. Boiling Temp, of "Water, t, at Barometer Pressure, &. 


h 


t 


h 


t 


5. 


t 


h 


t 


h 


t 


680 


96'.92 


700 


97'.72 


720 


98'.49 


740 


99".26 


760 


lOO-.OO 


681 


.96 


01 


.76 


21 


.53 


41 


.29 


61 


.04 


682 


97.00 


02 


.79 


22 


.57 


42 


.33 


62 


.07 


G83 


.04 


03 


.83 


23 


.01 


43 


.37 


63 


.11 


684 


.08 


01 


.87 


24 


.65 


44 


.41 


64 


.15 


685 


.12 


05 


.91 


25 


.69 


45 


.44 


65 


.18 


686 


.16 


00 


.95 


26 


.72 


46 


.48 


66 


.22 


087 


.20 


07 


97.99 


27 


.76 


47 


.52 


67 


.26 


688 


.24 


08 


98.03 


28 


.80 


48 


.56 


68 


.29 


689 


.28 


09 


.07 


29 


.84 


49 


.59 


69 


.33 


090 


.32 


710 


.11 


730 


.88 


750 


.63 


770 


.36 


691 


.36 


11 


.15 


31 


.92 


51 


.67 


71 


.40 


692 


.40 


12 


.19 


32 


.95 


52 


.70 


72 


.44 


093 


.44 


13 


.22 


33 


98.99 


53 


.74 


73 


.47 


694 


.48 


14 


.26 


34 


99.03 


54 


.78 


74 


M 


695 


.52 


15 


.30 


35 


.07 


55 


.82 


75 


.55 


696 


.56 


16 


.34 


36 


.11 


56 


.85 


76 


.58 


G97 


.60 


17 


.38 


37 


.14 


57 


.89 


77 


.62 


098 


.64 


18 


-.42 


38 


.18 


58 


.93 


78 


.65 


099 


.68 


19 


.46 


39 


.22 


59 


.96 


79 


.69 


700 


9r.72 


720 


98'.49 


740 


99'.26 


760 


100».00 


780 


100'.72 



TABLES. 
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16. Melting-points and Boiling-points. 



SUBSTAirCK. 



Melting-point. 
Djsgkkk C. 


BOILIXG-POINT. 
DeUR£E C. 


. 


56.53 


. . . 


78.4 


About 700 




440 


1450 


268 


1460 


. 


90-110 


318 


768 


175 


204 


— 76 


97.2 


— 102 


— 33.6 


— 70 


61.2 


1500 




1100 




— 117.4 


34.9 


« . 


70-90 


20 


290 


1160 




114 


200 + 


1200 




1300-1400 




2200 




325 


1500 


180- 




750 


1100 


— 39 


357 


1450 




62-66 




44.2 


288 


2000 




97.6 


742 


Melts 43 
Solidifies 33 




j Melts 47 
[Solidifies 36 




62 





Acetone . . . 

Alcohol . . . 

Aluminum . . 

Antimony . . 

Bismuth . . . 

Benzine . . . 

Cadmium . . 

Camphor . . 

Chloral . . . 

Chlorine . . . 

Chloroform . . 

Cobalt. . . . 

Copper . . . 

Ether . . •. . 

Gasoline . . . 

Glycerine . . 
Gold .... 
Iodine .... 

Irony cast . . 

steel . . 

Iridium . . . 
Lead .... 

Lithium . . . 

Magnesium . . 

Mercury . . . 

Nickel. . . . 

Parafflne . . . 

Phosphorus . . 

Platinum . . 

Sodium . . . 

Tallow, beef . 

mutton 

Wax, bees . . 
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17. Critfcal Temperatures. 



SUB8TA2;CE. 



CWTICAI. 

Tempeba- 

TUBE. 



Pbessurk 
IN Atmos- 

PHEBB8. 



Air 

Alcohol .... 
Acetone .... 
Carbon Dioxide 
Carbon Disulphide 

Ether 

Hydrochloric Acid 
Nitrogen .... 
Nitrous Oxide . . 
Oxygen .... 
Water 



— 140 
234.3 
232.8 

31.1 
271.8 
190 

51.25 
— 146 

36.4 

— 118 
364 



39 
62.1 
52.2 
73 
74.7 
36.9 
86 
33 
73.1 
50 
194 



18. Latent Heats. 



Sl'BSTASCE. 



Alcohol .... 
Bismuth .... 
Bromine .... 
Cadmium . . . 
Carbon Disulphide 

Ether 

Iodine 

Lead 

Methyl Alcohol . 
Mercury .... 
Phosphorus . . . 
Platinum, . . . 

Silver 

Sulphur .... 

Tin 

Turpentine . . . 

Water 

Zinc 



Heat of 
Fusion. 



12.64 

16.185 

13.66 



11.71 
5.85 



2.82 
4.7 

27.18 

21.07 
9.37 

13.31 

68 

79.24 



Heat of 
Vapobiza- 

TION. 



208.92 



90 
90 



263.86 



536 



TABLES. 
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19. Specific Heats. 



Element. 



Temperature. 



Specific Heat. 



Aluminum 

Antimony 

Arsenic 

Bismuth 

Boron 

Bromine 

Cadmium 

Calcium 

Carbon, diamond . . 

graphite . . 

charcoal . . 

Cobalt 

Copper 

Gold 

Iodine 

Iridium 

Iron 

Lead 

Lithium 

Magnesium . . . . 

Mercury, solid . . . 

liquid . . . 

Nickel 

Phosphoi-ua, yellow 

red . . . 

Platinum 

Potassium 

Silicon 

Sodium 

Sulphur, cryst. . . . 

Tin 

Zinc 

Substance. 

Beeswax, solid . . . 

liquid . . . 

Brass 

German Silver . . . 

Glass 

Ice 

Alcohol 

Carbon Bisulphide . . 
Chloroform . . . . 

Ether 

Paraffine, solid . . . 

liquid . . . 

Turpentine . . . . 



to 100 
to 100 
21 to 68 
20 to 84 
to 100 

13 to 45 
to 100 
to 100 

15 to 1040 

19 to 1040 
to 224 
9 to 97 

to 100 
to 100 
9to98 
to 100 
to 100 
to 100 
27 to 99 
0to75 

— 78 to— 40 

to 100 

14 to 97 
13 to 36 

15 to 98 
to 100 

—78^ to 23 
67.1 

— 28to6 
17 to 45 

to 100 
to 100 

20 to 58 
65 to 100 

15 to 98 
to 100 
OtoSO 

— 20 too 

16 to 30 
30 

0to8 

0to30 

10 to 40 

52 to 63 

0to80 



0.2185 

0.05 

0.083 

0.0305 

0.2518 

0.1071 

0.05G 

0.1804 

0.366 

0.310 

0.2385 

0.10674 

0.09332 

0.032 

0.0541 

0.0323 

0.113 

0.0315 

0.9408 

0.2519 

0.03192 

0.033 

0.10916 

0.202 

0.1698 

0.0326 

0.1662 

0.1833 

0.2934 

0.163 

0.0559 

0.0937 

1.2 

0.5 

0.0888 

0.09464 

0.2 

0.504 

0.602 

0.24 

0.2354 

0.535 

0.589 

0.708 

0.46 
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20. Heats of Combustion. 
Calories of heat liberated in the combastion of 1 kg. of the substance. 



SUBSTAKCK. 


Pboduct 

OF 

Combustion. 


Combustion. 


Calcium 

Carbon, diamond .... 
graphite. . . . 

Coal 

Copper 

Gas, illuminating .... 
Hvdrosen 


CaO 
CO, 
CO, 
CO, 
CuO 

. H,0 


3284 
7859 
7901 
8000 

590. 
6600* 
34500 
6045 

105 

103 

— 654 

— 1541 

— 143 
11000 

5747 
27 

2220 

4180 
(4000 to 
{4400 

1300 


Magnesium 

Mercury 

Nitrogen 

Petroleum 

Phosphorus 

Silver 

Sulphur 

Turf 

Wood with 13^ H,0 . . 

Zinc 


MgO 

HgO 
(N.O 

{no 
(no. 

'pio' 

Ag,0 

so, 

ZnO 



21. Coefficient of Cubical Expansion. 



SUBSTANGB. 


Tempebature. 


a = 3|J 


Alcohol 

Ice 

Glass 

Mercury 

Paraffine 

Quartz 

Rubber, soft. . . . 

Salt 

Water 


Oto 78 
— 20to 1 

Oto 100 
24 to 299 
16 to 38 
19 to 60 

40 to 60 
Oto 100 


0.00104 

0.0001125 

0.00002664 

0.0001815 

0.00039 

0.0000353 

0.000686 

0.000121 

0.000062 



TABLES. 
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22. Coefficient of Linear Expansion. 



SUBSTAirCE. 



Tempera- 




ture. 


l» 


40 


0.00002313 


40 


0.00001692 


40 


0.00001162 


to 100 


0.00001906 


40 to 50 


O.000Q1792 


to 100 


0.00001718 


52 


0.00001934 


to 100 


0.00001836 


to 100 


0.0000088 


to 100 


0.00001470 


40 


0.000007 


to 100 


0.000012 


to 100 


0.000028 


40 


0.00001279 


to 100 


0.00000884 


40 


0.00001921 


2 to 84 


0.0000037 




0.0000591 




0.00000356 




0.00000494 


40 


0.00002918 



Aluminum 

. . r parallel to ax is . . . 

^ \ perpendicular to axis 

^ra««, 71 Cu + 29 Zn 

Bronze, 86.3 Cu + 9.7 Sn + 4Zn 

Copper 

Fluorite 

German Silver 

Glass 

Gold 

Iridium, 

Iron 

Lead 

Nickel 

Platinum 

Silver 

Wood 

Pine, acro<«s grain .... 
with grain .... 

Oak, with grain .... 
Zinc 



23. Thermal Conductivity. 

The heat which will pass through 1 c. mm. of a substance of absolute conductiyity, 
C, in 1 second for a difference of temperature of 1° will heat C mg. of water 
from Qo to I®. To reduce to C. G. S. units, divide by 100. 



Substance. 


C. 


Substance. 


C. 


Aluminum 

Antimony 

Bismuth 

Brass 

Cadmium 

Copper 

German Silver .... 

Glass 

Ice 

Iron 

Lead 

Marble 

^lagnesium 

Mercury 

Silver 


34.35 
4.2 
1.08 

26 

22 

72 
8.87 
0.14 
0.23 

17 
8.1 
0.150 

37.6 

1.8 

109.6 


Alcohol 

Ether 

Glycerine 

Paraffine 

Petroleum 

Turpentine 

Water 

Air 

Ammonia 

Hydrogen 

Nitrogen 

Oxygen 


0.16 

0.37 

0.67 

0.01 

0.036 

0.0326 

0.129 

0.0057 

0.006 

0.0327 

0.005 

0.0056 
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24. Freeziiig Mixtare. 



SUBSTAlfCE. 


Parts. 


Mixed with. 


Pabts. 


FALT. 13f 

Temp. 


Ammonium Nitrate . 


60 


Water 


100 


27-.2 


Ammoniom Chloride 


30 


Water . . . 






100 


18'.4 


Sodiom Acetate . . 


85 


Water .... 






100 


15*.4 


Sodium Hyposulphite 


110 


Water . . . 






100 


18-.7 


Alcohol at 4* . . . 


77 


Snow . . . 






73 


30- 


Ammonium Chlorate 


25 


Snow at— r 






100 


15'.4 


Ammonium Nitrate . 


45 


Snow at— r 






100 


l&.l 


Sodium Nitrate . . 


50 


Snow at — r 






100 


ir.7 


Sodium Chloride . . 


33 


Snow at — r 






100 


2r.3 










Falls 










TO 


Alcohol, absolute . . 




Carbon Dioxide, soliij 


• • 


— 72- 


Chloroform .... 




Carbon Dioxide, solid 




-77- 


Ether 




Carbon Dioxide, solid 




— 77* 


Methyl Chloride . . 




Carbon Dioxide, solid 


. . 


— 82* 


Sulphurous Acid . . 




Carbon Dioxide, solid 




— 82' 



25. Capillarity Constant (^Surface Tension). 



SUBSTAKCE. 


Temperature. 


Surface Texhiox 

IN m-KlSS I'ER 

Linear tm. 


r 


10° 


24.97 


Alcohol - 


15° 
20° 


24.53 
24.09 


I 


25° 


23.65 


Chloroform 


20° 
10° 


27 
18.54 




Ether < 


15° 
20° 


17.9G 
17.36 




1 


25° 


16.79 


Mercury 


20° 


540 


f 


10° 


77.5 


Water J 


15° 
20° 


76.6 
75.7 




\ 


25° 


74.8 



TABLES. 
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26. Viscosity, or Coefficient of Internal Friction. 





Temp. 


»? 




Temp. 


*? 


Acetone . 


20 


0.00334 




10 


0.02977 


r 


12 


0.01482 




17 


0.01680 


I 


20 


0.01267 


Mercury . J 


176 


0.01045 


Alcohol . J 
1 


25 


0.01138 
0.01034 


1 


249 
340 


0.00965 
0.00905 




0.00715 







0.0182 


Ether . . | 


12 


0.00278 




10 


0.0131 


20 


0.00258 




15 


0.01126 


25 


0.00245 


Water . . a 


17 


0.01105 










20 


0.0102 


( 


2.8 


42.20 




25 


0.0090 


Glycerine J 


8.1 
14.3 
20.3 


25.18 
13.87 
8.304 


. 


30 


0.00788 


i 


25.6 


5.413 


1 











27. Elasticity of SoUds. 








Substance. 


1' 


Modulus 

OF 

Elasti- 
city, 


COEFP. 

OF Elas- 
ticity, 


Limit 

OF 

Elasti- 
city, 


Breakhto 
Stbess, 


Modu- 
lus OF 
Tor- 
sion, 




E 


1 
E 


L 


8 


T 




o 


Kg. 




Kg. 


Kg. 


Kg. 


sq. mm. 


sq. mm. 


sq. mm. 


Brass. . . . 


15 


9930 


. . 




60 


3550 


Bronze . . . 


. . 


9194 










Copper, wire . 


15 


12449 


0.00008 


12 


40 


3612 to 
4450 


German Silver 


, , 


12094 










Glass. . . . 


15 


6770 


, , 


, , 


, , 


2667 


Gold, wire 




15 


8131 


0.000123 


, 


27 




Iron, cast 




15 


20794 


0.000048 


6 


48 




wire 




15 


20869 


0.000048 


32 


63 


6706 


Lead . . 




15 


1727 


0.000579 


0.225 


2.15 




Platinum 




15 


17044 


. 


26 


34 




Silver . 




15 


7274 


0.000137 


11 


29 


2660 


Steel . . 




15 


19549 


0.000051 


33 


83 


7900 




With 


ACTOSI 


Wood- 

Birch . . 


15 


917 


0.001003 


1.6 


the 
Grain. 


the 
Qnin. 




4.30 


0.82 


Maple . 




15 


1021 


0.000979 


2.7 


2.71 


0.72 




Oak . . 




15 


921 


0.001085 


2.3 


5.66 


0.58 




Pine. . 




15 


1113 


0.00089 


2.2 


4.18 


0.22 




Poplar . 




15 


517 


0.001934 


1.5 


1.48 


0.14 




Ziuo . . . 




15 


8734 


0.000114 




1 
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2B, Velocity of Sound in Metres per 


SeooncL 




Solum. 


t 


V 


Liquids. 


t 


V 


Alaminum 
Briss . . 










5101 
3479 


Alcohol . . 


•1 


8°.4 
23° 


1264 
1160 


Copper . . 








170 


3826 


Ether . . . 


. 


0° 


1150 


Glass. . . 








16° 


6150 


Petroleum . 


. 


7°.4 


1395 


Gold . . . 








17° 


2081 


Turpentine . 




24° 


1212 


Iron . . . 








170 


6000 




■{ 


3°.9 


1399 


Ivory . . 










3013 


Water . . . 


13°.7 


1437 


Magnesinm 










4600 




25°.2 


1467 


Nickel . . 










4974 


Gases. 








Paraflane . 








16« 


1300 


Air ... . 




0° 


332 


Silver . . 








170 


2646 


20° 


344 


Thread, linen 








1816 


Chlorine . . 




0° 


206 


cotton 








1260 


Gas, ilium. . 




0° 


490 


Wood— 










Hydrogen . 




0° 


1280 


Beech . 








3412 


Oxygen . . 




0° 


317 


Oak. . 








3381 


Vapoes. 








Pine . 








4650 


Alcohol . . 




48° 


236 








Ammonia . 




0° 


415 








Ether . . . 




22° 


183 








Water . . . 




0° 


401 










96° 


4ie* 



29. Pitch and Number of Vibrations per Second of 
Musical Notes. 





C-. 


^-i 


C 


e 


Ci 


Ca 


c. 


C4 


a 


16.35 


32.70 


65.41 


130.8 


261.7 


623.3 


1047 


2093 


Cif 


17.32 


34.65 


69.30 


138.6 


277.2 


554.4 


1109 


2218 


D 


18.35 


36.71 


73.42 


146.8 


293.7 


587.4 


1175 


2350 


m 


19.44 


38.89 


77.79 


155.6 


311.2 


622.3 


1245 


2489 


E 


20.60 


41.20 


82.41 


164.8 


329.7 


659.3 


1319 


2637 


F 


21.82 


43.65 


87.31 


174.6 


349.2 


698.5 


1397 


2794 


n 


23.12 


46.25 


92.50 


185.0 


370.0 


740.0 


1480 


2960 


G 


24.50 


49.00 


98.00 


196.0 


392.0 


784.0 


1568 


3136 


Gt 


2i5.95 


51.91 


103.8 


207.6 


415.3 


830.6 


1661 


3322 


A 


27.50 


55.00 


110.0 


220.0 


440.0 


880.0 


1760 


3520 


M 


29.13 


58.27 


116.5 


233.1 


466.2 


932.3 


1866 


3729 


B 


30.86 


61.73 


123.5 


246.9 


493.9 


987.7 


1976 


3951 



TABLJE8. 
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30. Reduotiofi of Time of Oscillation to an Infinitely 
Small Arc. 

If the observed time of oscillation of a magnet or pendulum be t, with an arc of 
oscillation of a degrees, kt must be subtracted from the observed value in order 
to reduce the time to that of an infinitely small oscillation. 



a 


k 


a 


k 


a 


k 


a 


k 


0* 


0.00000 




10' 


0.00048 




20" 


0.00190 




30' 


0.00428 


29 
30 
31 
32 
33 
33 
35 
35 
37 
38 


1 

2 


000 
002 



2 


11 

12 


058 
069 


10 
11 


21 

22 


210 
230 


20 
20 


31 
32 


457 
487 


3 
4 


004 
008 


2 

4 


13 
14 


080 
093 


11 
13 


23 
24 


251 
274 


21 
23 


33 
34 


518 
550 


5 
6 


012 
017 


4 
5 


15 
16 


107 
122 


14 
15 


25 
26 


297 
322 


23 
25 


35 
36 


583 
616 


7 


023 


6 


17 


138 


16 


27 


347 


25 


37 


651 


8 
9 
10* 


030 

039 

0.00048 


7 
9 
9 


18 
19 
20- 


154 

172 

0.00190 


16 
18 
18 


28 
29 
30" 


373 

400 

0.00428 


26 
27 
28 


38 
39 
40" 


686 

723 

0.00761 
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31. Lilies of the Flame-Spectra of the Most Importaiit 
U^t MetalB, 

according to BuDsen and KirchhofTs scale; the sodium line being taken 
as 50, and the slit having a breadth of 1 division. 

Tiie first number denotes the position of the middle of the line 
upon the scale, the Roman numeral indicates the brightness, I being 
the brightest, and the third number gives the breadth of the band 
when it exceeds 1 scale division, the breadth of the slit. 

S signifies that the line is quite sharp and clearly defined, 8 that it 
is tolerably so; the remaining lines being nebulous and ill defined. 

The lines most characteristic of each body are printed in bold type. 

The brightness of the lines of Ca, Sr, and Ba is that of a constant 
spectrum. If the chlorides be employed, the si>ectra are at first much, 
brighter. In many cases the flame-spectra are really those of com- 
pounds, the spectra of the metals themselves obtained by the electric 
spark being frequently entirely different, and consisting of much finer 
lines. 

The colors of the spectrum are approximately, — red to 48, yellow 
to 52, green to 80, blue to 120, and violet beyond. 



K 


A'a 


Li 


Ca 


Sr 


Ba 


17.5 II. 8 




32.0 1. S 


33.1 IV. 2 
36.7 in. 


29.8 III. 
32.1 II. 
33.8 II. 




Faint con- 


50.01.5 


45.2 IV. 8 


41.7 1. 1.5 

46.8 III. 2 


36.3 II. 
38.6 III. 


35.2 IV. 2 
41.5 m. 3 


tinuous 








41.5 ni. * 


46.6 m.« 1.6 


spectrum 






49.0 III. 


45.81. 




from 55 to 










62.1 IV. 


120. 






52.8 IV. 

54.9 IV. 
60.8 1. 1.5 
68.0 IV. 2 


105.0 in. 8 


56.0 III. 2 
60.8 II. 8 
66.5 ni. 3 
71.4 in. 3 
76.8 ni. 2 


153.0 IV. 






135.0 IV. 5 




82.7 IV. 4 
89.3 III. 2 



TABLES. 
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32. Priuoipal Bright Lines In Spectra of 


Blementfl. 




Symbol. 


Element. 


Wave- 
length. 


Scale 
No. 


Symbol. 


Element. 


Wave- 
Length. 


Scale 
No. 






Ten-millionth 
mm. 








Ten-miliiontli 
mm. 






Ka 


7680 


17.5 


b 


Mg 


5173 


70 




A 


7604 


18 


F 


Hi? 


4861 


90 




a 


7186 


23 




Sra 


4607 


105 




B 


6870 


28.2 




Hy 


4310 


127 




Li a 


6708 


32.0 


G 




4307 


128 


C 


Ha 


6563 


34 


h 


H3 


4102 


147 


D 


Na 


5892 


50 




K/? 


4040 


153 




Tl 


6349 


68 


H 


Ca 


39G6 


102 


E 


Ca 


5269 


71.3 


H' 


Ca 


3934 


166 



33. Wave-lengths of the Principal Fraunhofer Lines in 





AngBtrdm's Units 


{ten-millionth mm,). 




Line. 


Wave- 
length. 


So DACE. 


LlN&. 


Wave- 
length. 


Source. 


A 


7594.059 





H 


3968.620 


Ca 


B 


6867.461 





K 


3933.809 


Ca 


C 


6563.054 


H 


L 


3820.567 


Fe 


I>x 


5896.154 


Na 


M 


( 3727.763 
i 3727.20 


Fe 


I>. 


5890.182 


Na 


Fe 




/ 5270.633 


Fe 


N 


3581.3M 


Fe 


E 


] 5270.448 


Ca 





3441.135 


Fe 




(5269.722 


Ca 


P 


3361.30 


Fe 


bx 


5186.792 


Mg 


Q 


3286.87 


Fe 


b. 


6172.871 


Mg 


R 


( 3181.40 
! 3179.45 


Ca 


b. 


1 5169.218 
i 6169.066 


Fe 


Ca 




Fo 


Sx 


3100.779 


Fe 


b* 


( 6167.086 
6167.501 


Fe 


S3 


3100.064 


Fe 




Mg 


T 


( 3021.191 
f 3020.759 


Fe 


F 


4861.496 


H 


Fe 


G 


( 4308.071 
4307.904 


Fe 


t 


2994.542 


Fe 




Ca 


U 


2947.993 


Fe 


h 


4101.870 


^ 
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34. Color of Newton's Rings. 










Thickness of Laysb. | 


Ordxb. 


Kbplkcted. 


Tbausmitted. 


AIB. 


IODIDE OF 
8ILVEB. 










mm. 




Black 


White .... 


0.000000 


0.0000000 




Lavender-gray . 


Yellowish brown . 


0.000107 


0.0000116 




Bluish white . . 


Reddish brown . 


0.000124 


0.0000135 




Greenish white . 


Dark purple . . 


0.000129 


0.0000140 


I. 


Yellowish white . 


Dark violet. . . 


0.000135 


0.0000147 




Straw color . . . 


Dark blue .... 


0.000140 


0.0000178 




OrpDge .... 


Bright blue . . . 


0.000235 


0.0000255 




Red 


Pale blue-green . 


0.000245 


0.0000266 




Purple .... 


Pale green . . . 


0.000257 


0.0000279 




Violet 


Yellowish green . 


0.000272 


0.0000295 




Indigo .... 


Light yellow . . 


0.000282 


0.0000306 




Sky-blue. . . . 


Orange .... 


0.000352 


0.0000382 


ir. 


Light blue-green . 


Red 


0.000372 


0.00004(H 




Green 


Deep purple . . 


0.000387 


0.0000420 




Yellow .... 


Blue 


0.000435 


0.0000472 




Light orange . . 


Bright blue . . 


0.000465 


0.0000505 




Red 


Bluish green . . 


0.000190 


0.0000532 




Purple .... 


Green 


0.000520 


0.0000565 




Violet .... 


Light yellow-green 


0.000550 


0.0000597 




Blue 


Yellow .... 


0.000570 


0.0000619 


III. 


Seurgreen . . . 


Flesh color . . . 


0.000600 


0.0000652 




Green 


Purple .... 


0.000650 


0.0000706 




Greenish yellow . 


Gray-blue . . . 


0.000700 


0.0000755 




Red 




0.000750 


0.0000814 




Purple .... 


Green .... 


0.000780 


0.0000847 




Gray-blue . . . 


Dull yellow . . 


0.000852 


0.0000925 


IV. 


Sea-green . . . 


Flesh color . . . 


0.000870 


0.0000945 




Green 


Grayish red . . 


0.000912 


0.0000990 




Red 


Green .... 


0.000996 


0.0001082 


V. 


Blue-green . . . 


Flesh color . . . 


0.001168 


0.0001268 


Flesh color , . . 


Sea-green . . . 


0.001264 


0.0001373 


VI. 


Blue-green . . . 


Flesh color . . . 


0.001450 


0.0001674 
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35. Index of Refraction — ( /or D line). 



Solids. 


AlR = l 

I*- 


Liquids. 


AlR = l 

PL 


Agate . 
Alum 
Cadmium 
Copper . 
Diamond 
Fluor Spar 
Glass, flint 
crow 
Gold . . 
Gypsum 


n 








1.54 

1.46 

1.13 

0.64 

2.47 

1.46 

1.63 

1.52 

0.37 

1.52 

1.3 

1.58 

2.72 

0.37 

1.6 

1.87 

1.44 

1.64 

1.54 

1.54 

0.27 

1.66 

1.95 

1.63 

1.65 

1.5 


Alcohol .... 
Benzine. . . . 
Canada Balsam . 
Carbon Disulphide 
Chloroform . . 
Ether . . •. . 
Olive Oil . . . 
Turpentine . . 
Water .... 




1.363 

1.5 

1.54 

1.63 

1.446 

1.36 

1.47 

1.48 

1.334 


Ice . . . 
Iceland Spar 


Gases. 


Vacuum = 1 
n 


Iron . . . 
Magnesium 
Mica . . 
Nickel . . 
Opal . . . 
Platinum . 
Quartz . . 
Salt . . . 
Silver . . 
Sugar . . 
Sulphur 
Topaz . . 
Tourmaline 
Wax . . . 




Air . . 
Ammonia 
Carbon Dio 
Carbon Dis 
Chlorine 
Ether . 
Hydrogen 
Nitrogen 
Oxygen . 
Water Vap< 


xic 
ulp 

[)r 


ie . 
»hide 




1.000292 
1.000376 
1.000449 
1.001481 
1.000773 
1.001521 
1.000139 
• 1.000297 
1.000272 
1.000254 



36. Electromotive Force of Cells. 



Cell. 


E. 


Cell. 


E. 


Buiisen 

Clark, at 15' 

Daiiiell , copper sulphate 

and 9% sulphuric acid, 

Daniell, Gravity . . . 


1.68 
1.434 

1.078 
(about) 1 


Grenet (Chromic Acid), 

Grove 

LeClanche 

Plante (Storage) . . . 
Water Element . . . 


1.8 

1.84 

1.4 

2.0 

1.0 



170 



PHYSICAL MEASUREMENT, 



37. Electrical Resistances. 



r«rMiiiUn( 


» of 1 on. cm.. lOV- resiBtuice of 1 


sq. mm. x 


IKm. 




lOeOOr a speciflo reeifltance compared to mercury 






Solids at 0*. 


lO'r. 


Liquids at 18". 


^' 


10»r. 


Almniniun . . . 


38 


Ammonia . . . 


NH, 


1.7 


1123000 


Aluxnin. bronze . 


132 






8.8 


786000 


(90 Cn. + 10 Al.) 








18.2 


1887000 


Antimony . . . 
Bismuth .... 


377 
1064 


Copper Sulphate . 


CuSO^ 


5 
10 
15 


53300 
31450 
23890 


Brass 


69 






17.5 


21940 


Cadmium . . . 
Galoium .... 


75 
75 


Hydrochloric Acid 


HCl 


5 
10 


1599 


Carbon .... 


69350 






20 


1323 


Copper .... 
German Silver 


17 
236 






30 
40 


1522 
1955 


Gold 


21 


Nitric Acid . . . 


HNO. 


6.2 


3226 


Graphite. . . . 


11500 






18.6 
31.0 


1461 
1289 


Iron 


150 






49.6 


1590 


Lead 


196 






62 


2031 


Lithium .... 


88 






Cone. 


6621 


Magnesium . . . 


43 


Potassium Hydrate 


KOH 


5.36 


5492 


Mercury .... 


943 


Sodium Chloride . 


NaCl 


5 


15000 


Nickel .... 


118 






10 


8333 


Phosphor Bronze 


77 






16 
20 


6146 
5154 


Platinum . . . 


135 










Sodium .... 


61 


Sodium Hydrate . 


NaOH 


4 

17 


6331 
2894 


SUver 


15 






30 


4965 


Tin 


105 


Sulphuric Acid . 


H,S04 


5 


4834 


Zinc 


69 






10 

20 

30 

40 

60 

60 

70 

80 

86 

90 

99.4 

99.9 


2574 
1545 
1365 
1483 
1866 
2705 
4677 
9143 
10300 
9389 
118000 
7120 






Zinc Sulphate . . 


ZnSO^ 


5 
10 
20 
23.1 
25 


52700 
31340 
21490 
20420 
20960 
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38. Temperature Coefficients of Electrical Couductivity. 

Conductivity, Q = C^ (l — at). 



Substance. 


Tempebatobe. 


a 


Aluminum 

Bismuth 

Brass 

Cadmium 

Carbon 

Copper 

German Silver .... 

Gold 

Graphite ...... 

Iron 

Lead 

Mercury 

Magnesium 

Nickel 

Platinum 

Silver 

Tin 

Zinc 


— 90to 400 

Oto 100 
15 to 100 
12 to 100 
15 to 200 
Oto 100 
Oto 100 
12 to 100 
25 to 200 
Oto 100 
Oto 100 

— 50 to— 40 

Oto 100 

— 88 to 860 

Oto 100 
Oto 100 
Oto 100 
Oto 100 
100 to 360 


0.00388 
0.00440 
0.00125 
0.00369 

— 0.0003 
0.00394 
0.0003 
0.00367 

— 0.00075 
0.00531 
0.0039 
0.0028 
0.00098 
0.0039 
0.005 
0.003 
0.00384 
0.0051 
0.00419 



39. Specific Inductive Capacities. 

Air=l. 



Solids. 

Glass 

Gypsum . . . , 

Ice 

Iceland Spar . . . 
Marble . . . . . 
Mica .... 
Paraffine . . . . 

Quartz 

Bosin 

Rubber, soft . . . 
vulcanite . 

Salt 

Sandstone. . . . 
Shellac . . . . . 
Sulphur . . . , 
Wood . . . . . 



Liquids. 



K. 



4to7 

5.6 

2.85 

7.4 

6.4 

6to8 

2.2 

4.54 

2.55 

2.4 

2.7 

5.8 

6.2 

3 

2.69 

2.95 



Acetone . . . 

Alcohol . . . 

Aldeliyde . . 

Benzine . . . 
Carbon Disulphide 
Ether .... 

Glycerine . . 
Oils ... 

Petroleum . . 

Turpentine . . 

Water . . . 

Gases. 

Hydrogen . . 

Vacuum . . . 

Vapors . . . 



21.8 

25 

18.6 
2.3 
2.5 
4.27 

56.2 
2.2 
2.06 
2.23 
75.5 



0.9998 
0.9985 
1.001 to 1.01 
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40. Electro-chemical XSquivalents. 

Weight in iiig. de|io«ited by a current of 1 ampere. 





Per Sec. 


Peb Mix. 


Peb Houb. 


Copper 

Silver 

Water (H,0) . . . 


0.3281 
1.118 
0.0933 


19.68 
67.09 
6.6 


1181 
4025 
336 



41. 



Magnetic Conatants for the United States.* 

The + sign denotes westerly declination. 



fa S 

►3 o 2 

? H 5 

Si5 -< 3 



s 



SB 



AliABAMA-- 

Mobile 

Selma 

Abkansas — 

Little Rock . . . . 
California — 

Los Angeles . . . . 

San Francisco . . . . 
Colorado — 

Denver 

Connecticut— 

Hartford 

New Haven . . . . 
District of Columbia — 

Washington . . . . 
Florida •— 

Jacksonville . . . . 
Gkobqia — 

Athens 

Atlanta 

Illinois — 

Blooxnington . . . . 

Chicago 

Evaiiston 

Galesburg 

Quincy 

Indiana — 

Bloomington . . . . 

Greencastle . . . . 



— 5.1 

— 4 

— 6.7 

— 14.2 

— 16.7 

— 14 

+ 10 
+ 10.8 

+ 5.9 

— 2 

— 2.5 

— 3 

— 5 

— 4.1 

— 4.1 

— 6 

— 6.7 

— 3.4 

— 3.5 



+ 3.8 
+ 3.6 

+ 3 

+ 1 
— 0.6 

+ 3.1 

+ 3.5 
+ 3.8 

+ 2.4 

+ 3.5 

+ 3.7 
+ 3.6 

+ 3.8 
+ 3.8 
+ 3.8 
+ 3.9 
+ 3.9 

+ 3.6 
+ 3.6 



61 
63.2 

64.3 



62.3 

67.7 

72.8 
72.5 

70.7 

61.6 

65 
64.8 

70.9 
72.2 
72.2 
71.3 
70.3 

70.2 
70.5 



Dynes. 
.2594 
.2660 

.2491 

.2712 
.2536 

.2271 

.1774 
.1814 

.2025 

.2716 

2516 



.2005 
.1880 
.1872 
.1952 
.2075 

.2097 
.2076 



* Tabulated from the charts of the United States Coast and Geodetic Surrey. 
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41. Magnetic Conatants for the United States (^Continued). 






Ma 



S 









Indiana (Continued) - 

Terre Haute . . 
Iowa — 

Des Moines . . . 
Kansas — 

Lawrence . . . 
Kentucky — 

Louisville . . . 
Louisiana — 

Baton Rouge . . 

New Orleans . , 
Maine — 

Brunswick . . . 
Maryland — 

Baltimore . . . 
Massachusetts — 

Boston . . . . 

Springfield . . . 
Michigan — 

Ann Arbor . . , 
Minnesota — 

Minneapolis . , 
Mississippi — 

Jackson . . . . 
Missouri — 

Columbia . . . 

St. Louis . . . 
Montana — 

Helena . . . , 
Nebraska — 

Lincoln . . . , 
Nevada— 

Beno 

New Hampshire — 

Concord . . . . 

Hanover . . . . 
New Jersey — 

Princeton . . . 



— 3.9 

— 8 

— 9.4 

— 2 

— 6.9 

— 6.6 

+ 16 

+ 4.6 

+ 11.6 
+ 10.6 



— 9 

— 6 

— 7.6 

— 6.2 

— 19.5 

— 10.6 

— 17 

+ 12.1 
+ 12.9 

+ 7.3 



+ 3.5 

+ 4.6 

+ 3.4 

+ 3.6 

+ 4.2 
+ 4.2 

+ 2.4 

+ 3.1 

+ 3.6 
+ 3.3 

+ 3.1 

+ 3(?) 

+ 3.6 

+ 4 
+ 4.4 

+ 2(?) 

+ 4.6 

+ 2<?) 

+ 4.3 
+ 4 

+ 3.6 



70.3 

71.7 

68.7 

69.6 

60.1 
60 

74.7 

71.2 

73.6 
73.4 

73 

74.6 

62.5 

69.1 
69.3 

72.3 

70.3 

64.6 

74.1 

74 

71.9 



Dynes. 
.2076 

.1959 

.2190 

.2111 

.2746 
.2851 

.1614 

.1998 

.1728 
.1761 

.1824 

.1664 

.2646 

.2175 
.2175 

.1866 

.2076 

.2420 

.1656 
.1664 

.1888 



174 



PHYSICAL MEASUREMENT. 



41. Maenetio Constanta for the United States (ConWuded). 



T 






J O S 

2a5 



'S 



w3 



Nkw Tobk— 

Albany . . . 

New York . . 

Bocbester . . 
North Cabolina- 

Raleigh . . . 
NoBTH Dakota — 

Fari^o .... 
Ohio— 

Athens . . . 

Cincinnati . . 

Colombas . . 
Obegon — 

Salem. . . . 
Pennsylyania — 

Allegheny . . 

Philadelphia . 
South Cabolina — 

Charleston . . 
South Dakota — 

Vermilion . . 
Tbnnesseb — 

Nashville . i 
Texas — 

Austin . . . 
Utah — 

Salt Lake City 
Vermont — 

Burlington . . 
Virginia — 

Charlottesville 

Lexington . . 
Washington — 

Seattle . . . 
Wisconsin — 

Madison . . . 

Milwaukee . . 



+ 9.9 
+ 8.3 
+ 6.7 

+ 1 

— 11 



— 2 

— 0J& 

—20.6 

+ 3.6 
+ 6 

— 0.4 

— 10.8 

— 4 

— 8.8 

— 16.7 

+ 12.6 

+ 3.4 
+ 2.4 

—22 

— 6 

— 4.2 



+ 3 
+ 3.8 
+ 4.5 

+ 3.2 

+ 3 

+ 3.4 
+ 3.3 
+ 3.3 

+ 1 

+ 3.8 
+ 4.4 

+ 3 

+ 4<?) 

+ 4.6 

+ 3.6 

+ 2.6 

+ 6 

+ 2.5 
+ 3.4 

0(?) 

+ 4.8 
+ 5.4 



74 

72.4 

74.1 

67.9 

74.5 

70.6 
70.1 
70.9 

68.6 

72.2 
71.7 

64.1 

72.4 

67.1 



67.1 

74.9 

69.7 
69.4 

71.1 

73.3 
73.4 



Dynes. 

.1729 
.1852 
.1658 

.2305 

.1724 

.2055 
.2075 
.1924 



.1907 
.1938 

.2548 

.1924 

.2325 

.2816 

.2314 

.1660 

.2081 
.2135 

.1938 

.1800 
.1704 
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CONSTANTS. 

42. Numerical Constanta. 

Number. 
Base of natural (Naperian) logarithms, e = 2.7182818 
Modulus of natural logarithm, = 2.3025851 

Log e, modulus of commom logarithms, M = 0.4342945 
Circumference of circle in degrees = 360 

Circumference of circle in minutes = 21600 

Circumference of circle in seconds = 1296000 

Circumference of circle, diameter unity, v = 3.14159265 



Number. 
2 7r= 6.2831853 
^ ^ 1.0471976 
3 



Logarithm, 
0.7981799 
0.0200286 



: 0.3183099 9.5028501-10 



1/^2 = 0.1013212 
V^ = 1.7724539 
— = 0.5641896 



Logarithm. 
0.4342945 
0.3622157 
9.6377843-10 
2.5563025 
4.3344538 
6.1126050 
0.4971499 

9.0057003-10 

0.2485749 

9.7514251-10 



w^ = 9.8696044 0.9942997 
The arc of a circle equal to its radius is 

In degrees, p° = 180/7r 

In minutes, p' = 60p^ 

In seconds, p'' = QOf/ 
For a circle of unit radius, the 

Arc of 1^ = l/p° 

Arc of V = l/p' 

Arc (or sine) of V = l/p'' 



V2 = 1.4142136 
VS = 1.7320608 

= 57^.29578 
= 3437.7468' 
= 206264.8" 

= 0.0174533 
= 0.0002909 
= 0.00000485 



0.1505150 
0.2385607 

1.7581226 
3.5362739 
5.3144251 

8.2418774-10 
6.4637261-10 
4.6855749-10 



43. Geodetical Constants. 
Mean density of the earth = 5.527 

Surface density of the earth = 2.56 ± 0.16 

Acceleration of gravity: — 

g 4> (cm. per second) = 980.60 (1 — 0.002662 cos 2 <^) for latitude <l> 

and sea level, 
gr, at equator = 977.99; gr, at Washington = 980.07; gr, at Paris 

= 980.94. 
fir, at poles = 983.21; gr, at Greenwich = 981.17. 
Length of the seconds pendulum: — 

I = 39.012540 + 0.208268 sin2 <l> inches = 0.990910 -|- 0.005290 sin^ 
^ metres. 
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44. Aatronomioal Constants. 

Sidereal year = 365.2563578 mean solar days. 

Tropical year = 365.2422 days. 

Sidereal day = 23 h. 56 m. 4.100 s. mean solar time. 

Mean solar day = 24 h. 3 m. 56.546 s. sidereal time. 

Mean distence of the earth from the sun = 92800000 miles. 

45. Physical Constants. 

Velocity of light \^^^^ ^ 299860 km. per second. 
\ in vacuo = 299940 km. per second. 
Telocity of sound through dry air, 332 m. per sec. 
Weight of distilled water, free from air, barometer 30 in., = 760 mm. 

Weight in Grains. Weight in Grama. 

Volume. 62" F. 4* C. 62- F. 4*C. 

1 cubic inch. 252.286 252.568 16.3479 16.3662 

1 cubic centimetre. 15.3953 15.4125 0.9976 0.9987 

1 cubic foot at 62*> F. 62.2786 lbs. 

A standard atmosphere is the pressure of a vertical colunm. of pure 
mercury whose height is 760 mm. and temperature 0° C, under 
standard gravity at latitude 45^ and at sea level. 
1 standard atmosphere = 1033 grams per sq. cm. == 14.7 i>ounds 

per sq. in. 
Pressure of mercurial column 1 inch high = 34.5 grams per sq. 
cm. = 0.491 pounds i)er sq. in. 
Weight of dry air (containing 0.0004 of its weight of carbonic acid): — 
1 cubic centimetre at temperature 32*^ F. and pressure 760 mm. and 
under the standard value of gravity weighs 0.00129305 gram. 
Specific heat of dry air compared with an equal weight of water: — 
At constant pressure, Kp = 0.2374 (from 0° to 100® C, Regnatilt). 
At constant volume, Kt, — 0.1689. 
Ratio of the two specific heats of air (Rontgen): Kp/Kt = 1.4053. 
Absolute zero of temperature, — 273°.0 C. = — 459°.4 F. 
Mechanical equivalent of heat: — 

1 pound-degree, F. (the British thermal unit), = about 778 foot- 
pounds. 
1 pound-degree, C, = 1400 foot-pounds. 

1 calorie or kilogram-degree, C, = 3087 foot-pounds = 426.8 kilo- 
gram-metres = 4187 joules (for g = 981 cm.). 
Standard candle (sperm) bums 7.78 grams per hour. The flame is 
44.5 mm. high. 
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UNITS. 

46. Synoptic Conversion of English to Metric Units. 

Units of Iiexiflrth. Metric Equivalents. Logarithms. 

1 inch. 2.54000 centimetres. 0.404835 

1 foot. 0.304801 metre. 9.484016-10 

1 yard. 0.914402 metre 9.961137—10 

1 mile. 1.60935 kilometre. 0.206650 



Units of Area. 
1 square inch. 
1 square foot. 
1 square yard. 
1 acre. 

1 square mile. 
1 square mile. 

Units of Volume. 
1 cubic inch. 
1 cubic foot. 
1 cubic yard. 



6.4516 square centimetres. 
929.034 square centimetres. 

0.83613 square metre. 

0.404687 hectare. 

2.5900 square kilometres. 
259 hectares. 



16.3872 cubic centimetres. 
0.028317 cubic metre or stere. 
0.76456 cubic metre or stere. 



O.l 

2.968032 

9.922274-10 

9.607120-10 

0.413300 

2.413300 



1.214504 

8.452047-10 

9.883411-10 



Units of Capacity. 

1 gallon (U. S.) = 231 cubic inches. 

1 quart (U.S.). 

1 Imperial gallon (British). 

277.463 cubic inches (1890). 
1 bushel (U. S. ) = 2150.42 cubic inches. 35.2393 litres. 1.547027 



3.78544 litres. 0.578116 
0.94636 litre. 9.976056-10 
4.5468 litres. 0.657709 



1 bushel (British). 



.36.3477 litres. 1.560477 



Units of ] 
1 grain. 

1 pound avoirdupois. 
1 ounce avoirdupois. 
1 ounce troy. 
1 ton (2240 lbs.). 



64.7989 milligrams. 

0.4535924 kilogram. 
28.3495 grams. 
31.1035 grams. 

1.01605 tonne. 



1.811568 

9.656666-10 

1.452546 

1.492809 

0.006914 



Units of Velocity. 

1 foot per sec. (0.6818 mile per hr.) = 0.30480 metre per sec. = 1.0973 

km. per hr. 
1 mile per hr. (1.46667 foot per sec.) =0.44704 metre per sec. = l.< 

km. per hr. 



178 



PHThlCAL MEASUREMENT. 



Synoptio Convenion of English to Metric XTnitfl. — Continued, 

Units of Force. 
Ipoundal 13825.5 dynes. 4.140682 

Weight of 1 grain (for g = 981 cm.). 63.57 dynes. 1.803237 

Weight of 1 pound av.(for g = 981 cm.). 4.45 x 10^ dynes. 5.648335 

UnitB of Stress — *n GraviteUidn MetUure. 
1 pound per square inch = 70.307 grams per sq. cm. 
1 pound per square foot = 4.88^4 kilograms per sq. m. 

Units of "Work — in Absolute Mecuure. 
1 foot-poundal 421403 ergs. 



1.846997 
0.688634 



5.624697 



Units of "Work— in Gravitation Measure, 
1 foot-pound (for g = 981 cm.) = 1356.3 x 10* ergs = 0.138255 kilo- 
gram-metre. 

Units of Activity (rate of domg work). 
1 foot-pound per minute (for g = 981 cm. ) = 0.022605 watt. 
1 horse-power (33000 foot-i>ounds per min.) = 746 watts = 1.01387 
force de cheval. 



Units of Heat. 
1 pound-degree, F. 
1 pound-degree, C. 



= 252 small calories or gram-degrees, C. 
= 1.8 pound-degrees, F. 



47. Synoptic Conversiou of Metric to English Units. 

Units of Jjength., English Equivalents. Logarithms, 

39.3700 inches. 1.595165 

3.28083 feet. 0.515984 

1.09361 yard. 0.038863 

0.62137 mile. 9.793350-10 



1 metre (10^ microns), 
1 metre. 
1 metre. 
1 kilometre. 



Units of Area. 
1 square centimetre. 
1 square metre. 
1 square metre. 
1 hectare. 
1 square kilometre. 

Units of Volume. 
1 cubic centimetre. 
1 cubic metre or stere. 

'bic metre or stere. 



0.15S00 


square inch. 


9.190331- 


-la 


10.7639 


square feet. 


1.031968 




1.19899 


square yard. 


0.077726 




2.47104 


acres. 


0.392880 




0.38610 


square mile. 


9.586700- 


-10 


0.0610234 Cubic inch. 


8.785496- 


-10 


35.3145 


cubic feet. 


1.547953 




1.30794 


cubic yard. 


0.116589 
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Synoptio Conversion of Metric to English Units. — Continued. 

Units of Capacity. 
1 litre (61.023 cubic inches). 0.26417 gallon (U. S.). 



1 litre. 
1 litre. 
1 hectolitre. 
1 hectolitre. 

Units of : 
1 gram. 
1 kilogram. 
1 kilogram. 
1 kilogram. 
1 tonne. 

Unita of Velocity. 
1 metre per second. 
1 metre per second. 



^ 9.421884-10 

1.06068 (juart (U. S. ). 0.023944 

0.21993 Imp. gal. (British). 9.342291-10 

2.83774 bushels ( U. S. ). 0.452973 

2.7612 l)u?hels (British). 0.439523 

16.4^J^ l^ins. 1.188432 

2.20^62 poimds avoirdupois. 0.343334 

36.27;^ ounces avoirdupois. 1.547454 

32.1507 ounces troy. 1.507191 

0.98^^1 ton (2240 lbs. ). 9.993086-10 



3.230^ feet per second. 0.615984 
2.2399 njiles per hour. 0.349653 

1 km.perh.(0.2778 m.per sec). 0.62187 mile per hour. 9.793350—10 

Units of Force. 
1 dyne (weight of (981 )-i grams, for g = 981 cm.) = 7.2330x10"^ 
poundal& 

Units of Stress — in Gravitation Measure. 
1 gram per square centimetre. 0.014223 pound per sq. inch. 

1 kilogram per square metre. 0.20482 pound per sq. foot. 

1 standard atmosphere. 14.7 pounds per sq. inch. 

Units of "Work — in Absolute Measure. 
1 erg. 2.3V30 x IQr^ f oot-poundals. 

1 megalerg = 10« ergs; 1 joule = 10^ ergs. 

Units of "Work— in Gravitation Measure. 
1 kilogram metre (for gr=981 cm. ) = 981 x W ergs = 7.2330 foot- 
pounds. 
Units of Activity (rate of doing work). 
1 watt. 44.2385 foot-pounds per minute, for g — 981 cm. 

1 watt = 1 joule per sec. = 0.10194 kilogram-metres per sec, 
for g = 981 cm. 
1 force de cheval = 75 kilogram-metres per sec. = 7351 watts = 
0.98632 horse-power. 
Units of Heat. 
1 calorie or kilogram-degree = 3.968 pound-degrees, F. = 2.2046 

poimd-degrees, C. 
1 small calorie or therm, or gram-degree = 0.001 calorie or kilogram- 
degree. 
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40. DlmellBiona of Physical Quantities. 
L = length ; M = mass ; T = time. 



Area. 

Volume. 

Mass. 

Density. 

Velocity. 

Acceleration. 

Angle. 



Dmienaumt. 
[U] 

[M] 

[ML-»] 

[LT-i] 

[0] 



Angular Velocity. [T-i] 



Quantity. 
Monusntum. 
Moment of Inertia 
Force. 

Stress (per unit area). 
Work or Energy. 
Rate of Working. 
Heat. 
Thermal Conductivity. 



In Electrostatics. 

Quantity of Electricity. 

Surface Density: quantity per unit area. 

Difference of Potential: quantity of work required 
to move a quantity of electricity; (work done)-r 
(quantity moved). 

Electric Force, or Electromotive Intensity: (quan- 
tity) -f (distance^). 

Capacity of an Accumulator: e -^ E, 

Specific Inductive Capacity. 

In Magnetics. 



Symbol. 



Quantity of Magnetism, or Strength of Pole. 

Strength or Intensity of Field: (quantity) -^ (dis- 
tance2). S 

Magnetic Force. S 

Magnetic Moment : (quantity) x (length). ml 

Intensity of Magnetization: magnetic moment per 
unit volume. / 

Magnetic Potential : Work done in moving a quan- 
tity of magnetism; (work done) -=- (quantity 
moved). Forli 

Magnetic Inductive Capacity (permeability). fi 



DvmenaUma. 

[LMT-i] 

[ML2] 

[LMT-2] 

[L-iMT-2] 

[L2MT-2] 

[L2MT-3] 

(L2MT-2] 

[L-iMT-i] 

Dimensions in 

Electrostatic 

System. 

[LiM*T-i] 

[L-*M*T-^] 



E [L*M*T-^] 

F [L-*M*T-^] 
C or g [L] 

k [0] 

Dimensions in 

Electro-Magnetic 

System. 

m [L«M*T-^] 



[L-iM*T-^] 
[L-iM*T-^] 
[LiM*T-^] 

[L"*M*T-^] 



In Electro-Magnetics. Symbol. 

Intensity of Current. *t 

Quantity of Electricity conveyed by 
Current: (intensity) x (time). e 



Dimensions in 

Electro-Magnetic 

System. 

[L*M*T-*] 
[L*M*] 



[L*M*T-^] 
[0] 
Name of 



Practical 
Unit. 

Ampere. 



Coulomb. 
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Dimensions of Physical Quantities. — Continued. 

Potential, or Diflference of Potential : 
( work done ) -r- ( quantity of electri- 
city upon which work is done). E [IJM*T~*] Volt. 

Electrical Force: the mechanical 
force acting on electro-magnetic 
unit of quantity; (mechanical 
force) -r (quantity). 5 [L^M^T"*] 

Resistance of a Conductor: E ^i, R [LT-i] Ohm. 

Capacity: quantity of electricity 
stored up per unit potential diflfer- 
ence produced by it. q [L-^T^] Farad. 

Specific Conductivity: the intensity 
of current passing across unit area 
under the action of unit electric 
force. [L-2T] 

Specific Resistance : the reciprocal of 
specific conductivity. r [L^T-^] 



Use of the Logarithm Table. 
A common oc Briggs logarithm is merely the expression of a num- 
ber as a power of 10.. Thus, 724 = 102-8697. 2.8597 is called the log. of 
724. From the theory of exponents we get the following rules for 
calculating with logarithms : — 

(1) To multiply two numbers, add their logs., and the resulting 
sum will be the log. of their product. 

(2) To divide one number by another, subtract the log. of the sec- 
ond from that of the first, and the result will be the log. of the quotient. 

(3) To raise a number to any power, multiply its log. by the expo- 
nent of that power, and the result is the log. of the required power. 

(4) To extract any root of a number, divide its log. by the index 
of the root, and the result will be the log. of the required root. 

Expressed as formulae, these rules become, — 

(1) log a • 6 = log a + log 6. (2) log a/b = log a — log 6. 

(3) log a* = 6 log a. (4) log Va = (log a)/b. 

The logarithm 2.8597 is seen to be divided into two parts, a whole 
number, 2, and a fraction, .8597. The integral part of a logarithm is 
called its characteristic, and its size depends merely on the position 
of the decimal point. The fractional part is called the mantissa. The 
mantissa is always positive. In the table, the mantissas only are 
given, and the proper characteristic must be supplied by the student. 
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All numbers which can be derived from each other by multiplying 
or dividing by integral powers of 10 have the same mantissa. 

( I. ) The characteristic of a number greater than one is positive, mnd 
one unit less than the number of places to the left of the decimal point. 

(II.) The characteristic of a number less than one is negative, 
and one unit more than the number of zeros before the first significant 
figure of the number expressed as a decimal fraction. 

(III.) If the cliaracteristic is positive, make the number of figures 
before the decimal point one more than the number of units in the 
characteristic. 

(lY.) If the characteristic is negative, make the number of zeros 
between the decimal point and the first significant figure of the cor- 
responding fraction, one less than the number of units in the 
characteristic. 

Thus, the logarithm of 724 is 2.8597; of 72.4, 1.8697; of 7.24, 
0.8597; of 0.724, 1.8597; of 0.0724, 2.8597. The logarithm 2.8597 is 
the same as .8597 — 2, or, 8.8597 — 10. 

It is customary to write negative characteristics in this way for con- 
venience in calculation, 10 or some multiple of 10 being subtracted from 
the logarithm, and a number written before the decimal point, which, 
when 10 is subtracted from it, equals the real negative characteristic. 

Thus, 3.3496 is written 7.3496 - 10; 5.3496, 5.3496 - 10; 12.3496, 

Q 94QA 20 

o.o-*i7u . ^^ TTSJy THE LOG. OF A NUMBER. 

For example, to find the logarithm of 478. Look down the column 
of numbers at the left, until the first two figures (47) are found; then 
look along the horizontal line of logarithms until the vertical column 
headed by the third figure (8) is reached. Here the desired logarithm 
is found to be 2.6794, the characteristic being supplied according to 
the above rules. In the same way, the logarithm of .352 is found to be 
1.5465. If the number contains more than three figures, the exact 
logarithm cannot be found in the table, and interpolation must be 
used. This is based on the assumption that the change between two 
consecutive mantissas in the table is proportional to the change In the 
numbei-s. For example, to find the logarithm of 3.464. The logarithm 
of 3.46 is .5391. The difference between the logarithms of 3.46 and 3.47 
is seen to be .0012. Now, the extra figure is 4; hence, we must add to 
the logarithm of 3.46, ^ of the difference, .0012, or .00048. The log- 
arithm of 3.464 is .5396, given to four places. To simplify this process, 
in the columns to the right of the last heavy line are given the numbers 
to be added when the fourth figure is that at the head of the column. 
Thus, in the last case we might have found the logarithm of 3.46 to be 
.5391, and then looked along the same horizontal line in the correction 
columns until the one headed four was reached; here the correction to 
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be added would be found to be .0005 (the zeros being left out), the 
same as before. In the same way, the logarithm of 89.82 is 1.9533 + 
.0001 = 1.9534. 

To find a number from its logarithm. 

If the given mantissa is found in the table, the first two figures 
will be on the same horizontal line in the column at the left, and the 
third at the top of the page, in the same vertical column with the man- 
tissa, the decimal point being determined from the characteristic. Thus, 
the number corresponding to 2.5211 is 332. If the exact mantissa is not 
found in the table, note the nearest smaller mantissa found there, and 
the first three figures will be those corresponding to this. Then note 
the difference between this and the given mantissa, and look along the 
same line in the correction table, until this difference, or the nearest 
difference to it is seen; and at the head of this column, the fourth 
figure will be found. Thus, to find the number corresponding to 2.6519. 
The nearest smaller mantissa in the table is .6513; then the first three 
figures are 448. The difference between .6519 and .6513 is .0006, and 
the number of the head of the column in which 6 is found is 6, hence 
the whole number is 448.6. 

Example of the use and arrangement of logarithms. Suppose we 
have the equation to solve, — 

422 ■ 0.3* ■ 0.17 - ^ - p 
\/ai4. 0.277 ^ 

log 422 = 2.6253 
log 0.3= 9.4771-10; 4.log 0.3 = 7.9084 — 10 

log 0. 17 = 9.2 304 - 10 

19.7641 - 20 = log A. 
log .14 = 29.1461 -30; J log 0.14= 9.7154-10 

log 0.277 = 9.4425 - 10 

19.1579 -20 = log 5. 
log ^ - log ^ = .6062 = log U; R = 4.038. 

USE OF THE TRIGONOMETRIC TABLES. 

In general, these tables are used in very much the same way as the 
logarithm tables. The degrees are given in the column at the left, and 
the functions are given directly in the table for each tenth of a degree, or 
every six minutes. Thus, in the table of sines, the sine of 11° is .1908; 
of 11® 24' is .1977. The columns of the differences at the right give 
the number to be added in the last place of figures of the function for 
any number of additional minutes between V and 5'. 

In this way, the functions can be found for each minute of arc. 
For example, the sine of 11® 26' is the sine of 11° 24' plus the difference 
<V»rresponding to 2; or, .1977 + .0006 = .1983. 
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LOaARITBMS. 








1 


2 


3 


4 


6 


6 


7 


8 


9 


123 


4 


6 6 


7 8 9 


10 


0000 


0043 


0066 


0128 


0170 


0212 


025:i 


0294 


0334 


0374 


4 8 12 


17 21 25 


29 33 37 


11 

12 
18 


0114 
0792 
1139 


0453 
0828 
1173 


0492 
0864 
1206 


0631 
0699 
1239 


0669 
0934 
1271 


0607 
0969 
1303 


0615 
1004 
1335 


0682 
1038 
1367 


0719 
1072 
1399 


0765 
1106 
1430 


48 11 
3 7 10 
3 6 10 


15 19 23 
14 17 21 
13 16 19 


26 30 34 

24 28 31 
23 26 29 


14 
15 

16 


1461 
1761 
2041 


1492 
1790 
2068 


1523 
1818 
2095 


1553 

1847 
2122 


1584 
1875 
2148 


1614 
1903 
2175 


1644 
1931 
2201 


1673 
1969 
2227 


1703 
1987 
2263 


1732 
2014 
2279 


36 
36 
35 


9 

8 
8 


12 16 18 
11 14 17 
11 13 16 


21 24 27 
20 22 25 
18 21 24 


17 
18 
19 


2304 
2533 

2788 


2330 
2577 
2810 


2.355 
2601 
2833 


2380 
2625 
2856 


2405 
2648 
2878 


2430 
2672 
2900 


2466 
2695 
2923 


2480 
2718 
2946 


2604 
2742 
2967 


2529 
2765 
2989 


25 
26 
24 


7 
7 
7 


10 12 16 
9 12 14 
9 11 13 


17 20 22 
16 19 21 
16 18 20 


80 


3010 


3032 


3054 


3075 


3096 


3118 


8139 


3160 


3181 


3201 


24 


6 


8 11 13 


15 17 19 


21 
28 
28 

24 
26 
86 


3222 
3424 
3817 


3243 
3444 
3636 


3263 
3464 
3655 


3284 
3483 
3674 


3304 
3r,aj 
3692 

3874 
4048 
4216 


3324 
3522 
3711 


3346 
8541 
3729 

39od 
4082 
4240 


8365 
8660 
3747 


3386 
3679 
3766 


3404 
3608 
3784 


24 
24 
24 


6 
6 
6 


8 10 12 
8 10 12 
7 9 11 


14 16 18 
14 15 17 
13 16 17 


3802 
3979 
4150 


3820 
3997 
4166 


3838 
4014 
4183 


3856 
4031 
4200 


3892 
4065 
4232 


8927 
4099 
4265 


3946 
4116 
4281 


3962 
4133 
4298 


24 
2,3 
23 


6 
6 
6 


7 

7 
7 


9 11 
9 10 
8 10 


12 14 16 
12 14 15 
11 13 15 


27 

28 
29 


4314 
4472 
4624 


4330 

4487 
4639 


4346 
4502 
46'>4 


4362 
4518 
4669 


4378 
4533 
46S3 


4393 
4548 
4698 


4400 
4664 
4713 


4425 
4679 
4728 


4440 
4694 
4742 


4456 
4609 
4767 


23 
23 
1 3 


6 

5 


6 
6 
6 


8 9 
8 9 
7 9 


11 13 14 
11 12 14 
10 12 13 


80 


4771 

4914 
5051 

5185 


4786 

4928 
5065 
5198 


4800 


4814 


4829 


4843 

4983 
5119 
6250 


4857 

4997 
6132 
5263 


4871 

6011 
6145 
5276 


4886 

6024 
6159 
5289 


4900 


1 3 




6 


7 9 


10 11 13 


81 
82 
38 


4942 
5079 
5211 


4955 
5092 
5224 


4969 
6105 
5237 


6038 
5172 
6302 


13 
1 3 
1 3 




6 
5 
6 


7 8 
7 8 
6 8 


10 11 12 
9 11 12 
9 10 12 


84 
35 

86 


5315 
5441 
5563 


5328 
5453 
5575 


5310 
5465 
5587 


5353 
5478 
5599 


5366 
6490 
5611 


6378 
6502 
66-23 


6391 
6514 
6635 

6752 
6806 
6977 


6403 
5527 
6647 


5416 
6639 
6658 


6428 
6651 
6670 


13 
12 
1 2 




6 
6 
6 


6 8 
6 7 

6 7 


9 10 11 
9 10 11 
8 10 11 


87 
88 
89 


5682 
5798 
5911 


5694 
5809 
5922 


5705 
5821 
5933 


5717 
5832 
5944 


5729 
5843 
5955 


6740 

5855 
6966 


6763 

5877 
6988 


6775 
6888 
6999 


5786 
6899 
6010 


12 
1 2 
1 2 


3 
3 
3 


6 
5 


6 7 

6 7 
6 7 


8 9 10 
8 9 10 
8 9 10 


40 


6021 


6031 


6042 


6053 


6064 


6075 


6085 


6096 


6107 


6117 


1 2 


3 




5 6 


8 9 10 


41 
42 
43 


6128 
6232 
6335 

6435 
6532 
6628 


6138 
6243 
6345 


6149 
6253 
6355 


6160 
6263 
6365 


6170 
6274 
6375 


6180 
6284 
6385 


6191 
6294 
6395 


6201 
6304 
6405 


6212 
6314 
6415 


6222 
6325 
6425 


1 2 
1 2 
1 2 


3 
3 
3 




6 6 
6 6 
6 6 


7 8 9 
7 8 9 
7 8 9 


44 
45 
46 

47 

48 
49 

50 

51 
52 
53 


6444 
6512 
6637 


6454 
6551 
6646 

6739 
6830 
6920 


6464 
6561 
6656 

6749 
6839 
6928 

7016 

7101 

7185 
7267 


6474 
6571 
6665 

6758 
6848 
6937 

7024 


6484 
6580 
6675 

e767 
6857 
6946 

7033 

7118 
7202 

7284 


6493 
6590 
6684 


6603 
6599 
6693 


6613 
6609 
6702 


6522 
6618 
6712 


1 2 
12 
1 2 


3 
3 
3 




6 6 

5 6 

6 6 


7 8 9 
7 8 9 
7 7 8 


6721 
6812 
6902 

6990 


6730 
6821 
6911 


6776 
6866 
6955 

7042 


6785 
6875 
6964 


6794 
6884 
6972 


6803 
6893 
6981 


12 
1 2 
1 2 


3 
3 
3 




6 6 
4 6 
4 5 


6 7 8 
6 7 8 
6 7 8 


6998 

7084 
7168 
7251 


7007 

7093 
7177 
7259 


7050 


7059 


7067 


1 2 


3 


3 


4 5 


6 7 8 


7076 
7160 
7243 


7110 
7193 
7275 


7126 
7210 
7292 


7135 

7218 
7300 


7143 
7226 
7308 


7162 
7235 
7316 


12 
12 
12 


3 

2 
2 


3 
3 
3 


4 5 
4 6 
4 5 


6 7 8 
6 7 7 
6 6 7 


w 


7324| 7332 


7M0 


7348 


7356 


7364 


7372 7380 


7388 


7396 


1 2 


2 


3 


4 6 


6 6 > 
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1 


2 


3 


4 


5 


6 


7 8 


9 


123 


4 




6 


7 


8 8 


66 


7404 


7412 


7419 


7427 


743;-.! 7443 


7451 


74.59 7466 


7474 




2 2 


3 




5 


5 


6 7 


66 


7482 


7490 


7497 


7505 


7513 


7520 


7528 


7536 


7543 


7551 




2 2 


3 






5 


6 7 


67 


7559 


7666 


7574 


7582 


7589 


7597 


7604 


7612 


7619 


7627 




2 2 


3 






5 


6 7 


68 


76J4 


7642 


7649 


7657 


7664 


7672 


7679 


7686 


7694 


7701 




1 2 


3 






5 


6 7 


69 


7709 


7716 


7723 


7731 


7738 


7745 


7752 


7760 


7767 


7774 




1 2 


3 






5 


6 7 


60 


7782 


7789 


7796 


7803 


7810 


7818 


7825 


7832 


7839 


7846 




1 2 


3 






5 


6 6 


61 


7853 


7860 


7868 


7875 


7882 


7889 


7896 


7903 


7910 


7917 




1 2 


3 






5 


6 6 


62 


7924 


7931 


7938 


7946 


7952 


7959 


7966 


7973 


7980 


7987 




1 2 


3 


3 




5 


6 6 


68 


7993 


8000 


8007 


8014 


8021 


8028 


8035 


8041 


8048 


8055 




1 2 


3 


3 




5 


5 6 


64 


8062 


8069 


8075 


8062 


8089 


8096 


8102 


8109 


8116 


8122 




1 2 


3 


3 




5 


5 6 


66 


8129 


8136 


8142 


8149 


8156 


8162 


8169 


8176 


8182 


8189 




1 2 


3 


3 




5 


6 6 


66 


8195 


8202 


8209 


8215 


8222 


8228 


8236 


8241 


8248 


8254 




1 2 


3 


3 




5 


5 6 


67 


8261 


8267 


8274 


8280 


8287 


8293 


8299 


8306 


8312 


8319 




1 2 


3 


3 




5 


6 6 


68 


8325 


8331 


8338 


8344 


8351 


8357 


8363 


8370 


8376 


8382 




1 2 


3 


3 




4 


5 6 


69 


8388 


8395 


8401 


8407 


8414 


8420 


8426 


8432 


8439 


8445 




1 2 


2 


3 






5 6 


70 


8451 


8457 


8463 


8470 


8476 


8482 


8488 


8494 


8500 


8506 




1 2 


2 


3 






5 6 


71 


8513 


8519 


8525 


8531 


8537 


8543 


8549 


8555 


8561 


8567 




1 2 


2 


3 






5 5 


72 


8573 


8579 


8585 


8591 


8597 


8603 


8609 


8615 


8621 


8627 




1 2 


2 


3 






6 5 


78 




8839 


8645 


8651 


8657 


8663 


8669 


8675 


8681 


8686 




1 2 


2 


3 






5 5 


74 


8692 


8698 


8704 


8710 


8716 


8722 


8727 


8733 


8739 


8746 




1 2 


2 


3 






5 5 


76 


8751 


8756 


8762 


8768 


8774 


8779 


8785 


8791 


8797 


8802 




1 2 


2 


3 


3 




5 5 


76 


8808 


8814 


8820 


8825 


8831 


8837 


8842 


8848 


8854 


8859 




1 2 


2 


3 


3 




6 5 


77 


8865 


8871 


8876 


8882 


8887 


8893 


8899 


8904 


8910 


8915 




1 2 


2 


3 


3 




4 6 


78 


8921 


8927 


8932 


8938 


8943 


8949 


8954 


8960 


8965 


8971 




1 2 


2 
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8387 


8563 
8471 
8377 


8554 
8462 
8368 


8545 
8453 
8358 


8536 
8443 
8348 


8526 
8434 
8339 


8617 
8425 
8329 


8508 
8415 
8320 


8499 
8406 
8310 


8490 
8396 
8300 


2 
2 
2 


3 
3 
3 


6 
6 
5 


6 8 
6 8 
6 8 


84 
36 
86 


8290 
8192 
8090 


8281 
8181 
8080 


8271 
8171 
8070 


8261 
8161 
8059 


8251 
8151 
8049 


8241 
8141 
8039 


8231 
8131 
8028 


8221 
8121 

8018 


8211 
8111 
8007 


8202 
8100 
7997 


2 
2 
2 


3 
3 
3 


6 

6 
6 


7 8 

7 8 
7 9 


37 
88 
39 


7986 
7880 
7771 


7976 
7869 
7760 


7965 
7859 
7749 


7955 

7848 
7738 


7944 
7837 

7727 


7934 
7826 
7716 


7923 
7815 
7705 


7912 
7804 
7694 


7902 
7793 
7683 


7891 
7782 
7672 


2 
2 
2 




5 
6 

6 


7 9 

7 9 
7 9 


40 


7660 


7649 


7638 


7627 


7615 


7604 


7593 


7581 


7570 


7559 


2 




6 


8 9 


41 
42 
43 


7647 
7431 
7314 


7536 
7420 
7302 


7524 
7408 
7290 


7513 
7396 
7278 


7501 

7385 

.7266 


7490 
7373 
7254 


7478 
7361 
7242 


7466 
7349 
7230 


7466 
7337 
7218 


7443 
7325 
7206 


2 
2 
2 




6 
6 
6 


8 10 
8 10 
8 10 


44 


7193 


7181 


7169. 


7157 


7145 


7133 


7120 


7108 


7096 


7083 


2 


4 


6 


8 10 



^.5. —Numbers in differenoe-colnmns to be subtracted, not added. 
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(y 


6^ 


12' 


18' 


24' 


ac 


36' 


42' 


48' 


54' 


12 3 


4 5 


46' 


7071 


7059 


7046 


7034 


7022 


7009 


6997 


6984 


6972 


6959 


2 4 6 


8 10 


46 
47 

48 


6947 
6820 
6691 


6934 
6807 
6678 


6921 
6794 
6665 


6909 
6782 
6652 


6896 
6769 
6639 


6884 
6756 
6626 


6871 
6743 
6613 


6858 
6730 
6600 


6845 
6717 
6587 


6833 
6704 
6574 


2 4 6 
2 4 6 
2 4 7 


8 11 

9 11 
9 11 


49 
60 
61 


6561 
6428 
6293 


6547 
6414 
6280 


6534 
6401 
6266 


6521 
6388 
6252 


6508 
6374 
6239 


6494 
6361 
6225 


6481 
6347 
6211 


6468 
6334 
6198 


6455 
6320 
6184 


6411 
6307 
6170 


2 4 7 
2 4 7 
2 5 7 


9 11 
9 11 
9 11 


6S 
63 
64 


6157 
6018 
5878 


6143 
6004 
5864 


6129 
5990 
5850 


6115 
5976 
6835 


6101 
5962 
5821 


6088 
5948 
5807 


6074 
5934 
5793 


6060 
5920 
5779 


6046 
5906 
5764 


6032 
5892 
5750 


2 5 7 
2 5 7 
2 5 7 


9 12 
9 12 

i2 


66 


5736 


6721 


5707 


5693 


5678 


5601 


5650 


5635 


5621 


5606 


2 5 7 


10 12 


66 
67 

68 


5592 
6446 
5299 


5577 
5432 
5284 


5563 
5417 
5270 


5548 
5402 
5255 


5534 
5388 
5240 


5519 
5373 
5225 


5505 
5358 
5210 

5060 
4909 
4756 


6490 
5344 
5195 

5045 
4894 
4741 


5476 
5329 
5180 

5030 
4879 
4726 


6461 
5314 
5165 

5015 
4863 
4710 


2 5 7 
2 5 7 
2 5 7 


10 12 
10 12 
10 12 


69 
60 
61 


5150 
5000 
4818 


5136 
4985 
4833 


5120 
4970 

4818 


5105 
4955 
4802 


5090 
4939 

4787 


5075 
4924 
4772 


3 5 8 
3 5 8 
3 5 8 


10 13 
10 13 
10 13 


62 
68 
64 


4685 
4540 
4384 


4679 
4524 
4368 


4664 
4509 
4352 


4648 
4493 
4337 


4633 
4478 
4321 


4617 
4462 
4305 


4602 
4446 
4289 


4586 
4431 
4274 


4571 
4415 

4258 


4655 
4399 
4242 


3 5 8 
3 5 8 
3 5 8 


10 13 

10 13 

11 13 


66 


4226 


4210 


4195 


4179 


4163 


4147 


4131 


4115 


4099 


4083 


3 5 8 


11 13 


66 
67 
68 


4067 
3907 
3746 


4051 
3891 
3730 


4035 
3875 
3714 


4019 
3859 
3697 


4003 
3843 
3681 


3987 
3827 
3665 


3971 
3811 
3649 


3955 
3795 
3633 


3939 
3778 
3616 


3923 
3762 
3600 


3 6 8 
3 5 8 
3 5 8 


11 14 
11 14 
11 14 


69 
70 
71 


3584 
3420 
3256 


3567 
3404 
3239 


3551 
3387 
3223 


3535 
3371 
3206 


3518 
,3355 
3190 


3502 
3338 
3173 


3486 
3322 
3156 


3469 
3305 
3140 


3453 
3289 
3123 


3437 
3272 
3107 


3 5 8 
3 5 8 
3 6 8 


11 14 
11 14 
11 14 


72 
78 
74 


3090 
2924 
2756 


3074 
2907 
2740 


3057 
2890 
2723 


3040 

2874 
2706 


3024 
2857 
2689 


3007 
2840 
2672 


2990 
2823 
2656 


2974 
2807 
2639 


2957 
2790 
2622 


2940 
2';V3 
2605 


3 6 8 
3 6 8 
3 6 8 


11 14 
11 14 
11 14 


76 


2588 


2571 


2554 


2538 


2521 


2504 


2487 


2470 


2453 


2436 


3 6 8 


11 14 


76 
77 

78 


2419 
2250 
2079 


2402 
2062 


2385 
2215 
2045 


2368 
2198 
2028 


2351 
2181 
2011 


2334 
2164 
1994 


2317 
2147 
1977 


2300 
2130 
1959 


2284 
2113 
1942 


2267 
2096 
1925 


3 6 8 
3 6 9 
3 6 9 


11 14 
11 14 
11 14 


79 
80 
81 


1908 
1736 
1564 


1891 
1719 
1547 


1874 
1702 
1530 


1857 
1685 
1513 


1840 
1668 
1495 


1822 
1650 
1478 


1805 
1633 
1461 


1788 
1616 
1444 


1771 
1599 
1426 


1754 
1582 
1409 


3 6 9 
3 6 9 
3 6 9 


12 14 
12 14 
12 14 


82 
88 

84 


1392 
1219 
1045 


1374 
1201 
1028 


1357 
1184 
1011 


1340 
1167 
0993 


1323 
1149 
0976 


1305 
1132 
0958 


1288 
1115 
0941 


1271 
1097 
0924 


1253 
1080 
0906 


1236 
1063 
0889 


3 6 9 
3 6 9 
3 6 9 


12 14 
12 14 

12 14 


86 


0872 


0654 


0837 


0819 


0802 


0785 


0767 


0750 


0732 


0715 


3 6 9 


12 15 


86 

87 
88 


0698 
0523 
0349 


0680 
0506 
0332 


0663 
0488 
0314 


0645 
0471 
0297 


0628 
0464 
0279 


0610 
0436 
0262 


0593 
0419 
0244 


0576 
0401 
0227 


0558 
0384 
0209 


0541 
0366 
0192 


3 6 9 
3 6 9 
3 6 9 


12 15 
12 15 
12 15 


89 


0175 


0157 


0140 


0122 


0105 


0087 1 0070 


0052 


0035 


0017 


3 6 9 


12 15 



A'. ZJ. — Numbers in ditference-columns to be subtracted, not added. 
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NATURAL TANGEirrS. 



' <K 


•^ ! ly 1 IS' 


%^ 9(y \3» 


43''48''54^| 12 3 


4 5 


r -0000 


0017 0036 '0QS2 


0070 0067 loMB 


0122 0140 0157 


3 6 9 


12 14 


1 -01:5 

2 -aua 

% -0334 


0192 Q909 0227 
0967 0384 one 
Or« 0S» 0677 


0244 0262 
0419 0137 
0G9I • 0612 


0279 
0164 
0629 


iXSfl' 0314> 0332 
0472' 0489! 0607 
0647 0664' 0682 


3 6 9 
3 6 9 
3 6 9 


12 15 
12 15 
12 15 


4 fte09 

6 tW75 
• -lOCl 

7 1228 

8 1406 
t -1584 


0717 
0602 
1069 


om 

0910 
1086 


0732 
0028 
1104 


0769 oisr 

QMS 0063 
1122 1139 


0806 
0061 
1157 


0822 
1175 


084^0667 
lOlo! 1033 
1192- 1210 


3 6 9 
3 6 9 
3 6 9 


12 15 
12 15 
12 15 


1246 
1423 
1602 


1263 ! 1281 
1441 j 1439 
1620 ' 1638 


1299 
1477 
1656 


1317 
14S5 
1673 


1334 
1612 
1691 


1362 
1530 
1709 


1370 1388 
1548,1566 
1727 1746 


3 6 9 
3 6 9 
3 6 9 


12 15 
12 15 
12 15 


10 


•1763 


1781 


1799 ' 1817 


1836 


1853 ' 1871 


1890 


1908ll92G 


3 6 9 


12 15 


11 


-1944 
-2126 
-2309 


1962 
2144 
2327 


1980 
2162 
2345 


1998 
2180 
2364 


2016 
2199 
2SS2 


2035 
2217 
2101 


2063 
2235 
2419 


2071 
2254 
2438 


2089 
2272 
2456 


2107 
2290 
2475 


3 6 9 
3 6 9 
3 6 9 


12 15 
12 15 
12 15 


14 11-2183 
16 1-2679 
16 ,1-2867 


2612 
26M 
2886 


2530 
2717 
2906 


2649 
2736 
2924 


2568 
2754 
2943 


2586 
2773 
2902 


2606 

2792 
2981 


2623 
2811 
3000 


2642 2661 
2830 2849 
3019 3038 


3 6 9 
3 6 9 
3 6 9 


12 16 

13 16 
13 16 


18 1 

19 . 


•3057 
•3249 
•3443 


3076 
3209 
3463 


3096 
3288 
3482 


3116 
3307 
3502 


3134 
3327 
^22 


3153 
3346 
3641 


3172 
3365 
3561 


3191 
3385 
3581 


3211 3230 
34(M 3424 
3600 3620 


3 6 10 
3 6 10 
3 6 10 


13 16 
13 16 
13 17 


20 * 


•3640 


3659 


3679 


3699 


3719 


3739 


3759 

3950 
4163 
4369 


3779 


3799 3819 


3 7 10 


13 17 


21 
28 

2S 


'3839 
'40iO 
•4245 


3859 
4061 
4266 

4473 
4684 
4899 


3879 
4081 
4286 


3899 

4101 
4307 


3919 
4122 
4327 


3939 
4142 
4348 


3979 

4183 
4390 


4000 
4204 
4411 


4020 
4224 
4431 


3 7 10 
3 7 10 
3 7 10 


13 17 

14 17 
14 17 


24 

26 

26 


4452 
-4663 

•4877 


4494 
4706 
4921 


4515 
4727 
4942 


4536 
4748 
4964 


4557 
4770 
4986 


4578 
4791 
5008 


4599 
4813 
5029 


4621 
4834 
5061 


4642 
4856 
5073 


4 7 10 
4 7 11 
4 7 11 


14 18 
14 18 
16 18 


27 

28 
29 


•5095 
•6317 
•5643 


5117 
6340 
6566 


5139 
5362 
5589 


5161 
6384 
6612 


5184 
5407 
5635 


5206 
5430 
5658 


5228 
5452 
5681 


5250 
5475 
5704 


6272 
5498 
5727 


5520 
6750 


4 7 11 
4 8 11 
4 8 12 


15 18 
15 19 
15 19 


80 


•6774 


5797 


5820 


5844 


5867 


5890 


5914 


6938 


5961 


5985 


4 8 12 


16 20 


81 
32 
88 

34 
86 
36 


•C009 
•0249 
•6494 


6032 
6273 
6519 


6056 
6297 
6544 


6080 
6322 
6569 


6104 
6346 
6594 


6128 
6371 
6619 


6152 
6395 
6644 


6176 
6420 
6669 


6200 
6445 
6694 


6224 
6469 
6720 


4 8 12 
4 8 12 
4 8 13 


16 20 

16 20 

17 21 


•C745 
•7002 
•7265 


6771 
7028 

7292 

7563 
7841 
8127 


6796 
7054 
7319 


6822 
7080 
7346 


6847 
7107 
7373 


6873 
7133 
7400 


6899 
7159 
7427 


6924 
7186 
7454 


6950 
7212 

7481 


6976 
7239 
7608 


4 9 13 

4 9 13 

5 9 14 


17 21 

18 22 
18 23 


87 

38 
39 

40" 


•7536 
•7813 

•8098 


7590 
7869 
8156 


7618 

7888 
8185 


7646 
7926 
8214 


7673 
7954 
8243 


7701 
7983 

8273 


8012 
8302 


7757 
8040 
8332 


7785 
8069 
8361 


6 9 14 
6 10 14 
6 10 15 


18 23 

19 24 

20 24 


•8391 


8421 


8461 


8481 


8511 


8541 


8571 


8601 


8632 


8662 


6 10 15 


20 25 


41 
49 
48 


•8603 
•9004 
•9325 


8724 
9036 
9358 


8754 
9067 
9391 


8785 
9099 
9424 


8816 
9131 
9457 


8847 
9163 
9490 


8878 
9195 
9523 


8910 
9228 
9566 


8941 
9260 
9590 


8972 
9293 
9623 


6 10 16 

5 11 16 

6 11 17 


21 26 

21 27 

22 28 


44 


•9657 


9691 


0725 


9759 


9793 


9827 


9861 


9896 


9930 


9965 


6 11 17 


23 29 



IfATUBAL TANGENTS. 
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(y 


6' 


12' 


IS' 


24' 


ac 


36' 


42' 


48' 


54' 


12 3 


4 6 


46« 


IHWOO 


0035 


0070 


0105 


0141 


0176 


0212 


0247 


0283 


0319 


6 12 18 


24 30 


46 
47 

48 


1-0365 
10724 
1-1106 


0392 
0761 
1145 


0428 
0799 
1184 


0464 
0837 
1224 


0501 
0876 
1263 


0538 
0913 
1303 


0576 
0951 
1343 


0612 
0990 
1383 


0649 
1028 
1423 


0686 
1067 
1^ 


6 12 18 

6 13 19 

7 13 20 


26 31 

25 32 

26 33 


49 
50 
51 


1-1504 
11918 
1-2349 


1544 
1960 
2393 


1585 
2002 
2437 


16-26 
2045 

2482 


1667 
2088 
2527 


1708 
2131 
2572 


1760 
2174 
2617 


1792 
2218 
2662 


1833 
2261 
2708 


1875 
2306 
2763 


7 14 21 

7 14 22 

8 16 23 


28 34 

29 36 

30 38 


52 
58 
54 


1-2799 
1-3270 
1-3764 


2846 
3319 
3814 


2892 
3367 
3865 


2938 
3416 
3916 


2985 
3465 
3968 


3032 
3614 
4019 


3079 
3664 
4071 


3127 
3613 
4124 


3175 
3663 
4176 


3222 
3713 
4229 


8 16 23 

8 16 25 

9 17 26 


31 39 

^33 41 

34 43 


55 


1-4281 


4335 


4388 


4442 


4496 


4550 


4605 


4659 


4716 


4770 


9 18 27 


36 45 


56 
57 

58 


1-4826 
1-5399 
1-6003 


4882 
5458 
6066 


4938 
6517 
6128 


4994 
6577 
6191 


6051 
5637 
6255 


5108 
5697 
6319 


6166 
6757 
6383 


5224 
6818 
6447 


5282 
6880 
6512 


6340 
6941 
6677 


10 19 29 

10 20 30 

11 21 32 


38 48 
40 60 
43 63 


59 
60 
61 


1-6643 
1-7321 
1-8040 


6709 
7391 
8115 


6775 
7461 
8190 


6842 
7532 
8265 


6909 
7603 
8341 


6977 
7675 

8418 


7045 
7747 
8495 


7113 
7820 
8572 


7182 
7893 
8650 


7251 
7966 
8728 


11 23 34 

12 24 36 

13 26 38 


45 56 
48 60 
61 64 


62 
6S 
64 


1-8807 
1-9626 
20503 


8887 
9711 
0594 


8967 
9797 
0686 


9047 
9883 
0778 


9128 
9970 
0872 


9210 
D05V 
0965 


9292 
0145 
1060 


9375 
0233 
1155 


9458 
0323 
1251 


9542 
0413 
1348 


14 27 41 
16 29 44 
16 31 47 


55 68 
58 73 
63 78 


65 


21445 


1543 

2566 
3673 
4876 


1642 

2673 
3789 
5002 


1742 

2781 
3906 
5129 


1842 


1943 


2045 


2148 


2251 


2365 


17 34 51 


68 86 


66 
67 
68 


2-2460 
2-3659 
2-4751 


2889 
4023 
5257 


2998 
4142 
5386 


3109 
4262 
5517 


3220 
4383 
6649 


3332 
4604 
5782 


3445 
4627 
6916 


18 37 55 
20 40 60 
22 43 66 


74 92 
79 99 

87 108 


69 
70 
71 


2-6051 
2-7475 
2-9042 


6187 
7625 
9208 


6325 
7776 
9375 


6461 
7929 
9544 


6605 
80S3 
9714 


0746 
8239 
9887 


6889 
8397 
0061 


7034 
8556 
0237 


7179 
8716 
5416 


7326 
8878 
0595 


24 47 71 
26 62 78 
29 58 87 


95 118 
104 130 
115 144 


72 
78 
74 


3-0777 
3-2709 
3-4874 


0061 
2914 
5105 


1146 
3122 
5339 


1334 
3332 
5576 


1524 
3544 
5816 


1716 
3759 
6059 


1910 
3977 
6305 


2106 
4197 
6554 


2305 
4420 
6806 


2506 
4646 
7062 


32 64 96 
36 72 108 
41 82 122 


129 161 
144 180 
162 203 


75 


3-7321 


7583 


7848 


8118 


8391 


8667 


8947 


9232 


9620 


9812 


46 94 139 


186 ^2 


76 

77 
78 


4-0108 

1 4-3315 

4-7046 


0408 
36^ 
7463 


0713 
4015 
7867 


1022 
4374 
8288 


1335 
4737 
8716 


1653 
5107 
9152 


1976 
5483 
9594 


58Gi 
5045 


2635 
6252 
0504 


•2972 
6646 
0970 


53 107 160 
62 124 186 
73 146 219 


214 267 
248 310 
292 365 


79 

80 

81 


5-1446 
5-6713 
6-3138 


1929 

Y29V 
3859 


2422 
7894 
4596 


2924 
8502 
5350 


3435 
9124 
6122 


3955 
9758 
6912 


4486 
0405 
7920 


5026 
1066 
8548 


5578 
i742 
9395 


6140 


87 175 262 


360 437 


2432 
0264 


Difference-columns 
cease to be useful, 
owing to the rapid- 
ity with which the 
value of the tangent 
changes. 


82 
88 
84 


7-1154 
81443 
9-5144 


2066 
2636 
1-677 


3002 
3863 
9-845 


3962 
5126 
10-02 


4947 
6427 
10-20 


5958 
7769 
10-39 


6996 
9152 
10-58 


8062 
0679 
10-78 


9168 
2052 
10-99 


0285 
3672 
11-20 


85 

86 

87 
88 


11-43 


11-66 


11-91 


1216 


12-43 


12-71 


13-00 


13-30 


1362 


13-96 


14-30 
10-08 
28-64 


14-67 
19-74 
3014 


15-06 
20-45 
31-82 


15-46 
21-20 
33-69 


15-89 
22-02 
35-8C 


16-35 
22-90 
38-19 


16-83 
23-86 
40-92 


17-34 
24-90 
44-07 


17-89 
2603 

47.74 


18-46 
27-27 
52-08 


89 


57-29 


63-66 


71-62 


81-86 


95-4S 


114-6 


143-2 


191-0 


286-5 


673-0 




1 
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NATURAL COTANGENTS. 





<y 


e' 


12' 


IS' 


24^ 


3(y|36' 


42' 


48^ 


54^ 




1 


©• 


Inf. 


673-0 


286-6 


191-0 


143-2 


114-6 


95-49 


81-85 


71-62 


63-66 


Difference-columns 
not useful here, ow- 
ing to the rapidity 
with which the val- 
ue of the cotangent 
changes. 


1 

s 

8 


57-29 
28*64 
19-08 


62-08 

27-27 
18-46 


47-74 
2603 
17-89 


44-07 
24-90 
17-34 


40-92 
23-86 
16-83 


38-19 
22-90 
16-35 


35-80 
•22-02 
15-89 


3369 
21-20 
15-46 


31-82 
20-45 
15-06 


30-14 
10-74 
1467 


4 
6 
6 


1430 

11*43 

9-6144 


13-95 
11-20 
3672 


1362 
10-99 
2052 


13-30 
10-78 
0679 


13-00 
10-58 
9152 


12-71 
10-39 
7769 


12-43 
10-20 
6427 


12-16 
10-02 
5126 


11-91 
9-845 
3863 


11-66 
9-677 
2636 


7 

8 
9 


81443 
7-1154 
6-3138 


0285 
0264 
2432 


9158 
9395 
1742 


8062 
8548 
1066 


6996 
7920 
0405 


5958 
6912 
9768 


4947 
6122 
9124 


3962 
5350 
8502 


3002 
4596 
7894 


2066 
3859 
7297 


12 3 


4 5 


10 


5-6713 


6140 


6578 


5026 


4486 


3955 


3435 


2924 


2422 


1929 


11 
18 
IS 


51446 
4-7046 
4-3315 


0970 
6646 
2972 


0504 
6252 
2635 


0045 
5864 
2303 


9594 
5483 
1976 


9152 
5107 
1653 


8716 
4737 
1335 


8288 
4374 
1022 


7867 
4015 
0713 


7453 
3662 
0408 


74 148 222 
63 125 188 
53 107 160 


296 370 
252 314 
214 267 


14 
16 
16 


4-0108 
3-7321 
3-4874 


9812 
7062 
4646 


9520 
6806 
4420 


9232 
6554 
4197 


8947 
6305 
3977 


8667 
6059 
3759 


8391 
5816 
3544 


8118 
5576 

aaa2 


7848 
5339 
3122 


7583 
5105 
2914 


46 93 139 
41 82 122 
36 72 108 


186 232 
163 204 
144 180 


17 
18 
1» 


3-2709 
3-0777 
2-9042 


2506 
0505 

8878 


2305 
0415 
8716 


2106 
0237 
8556 


1910 
0061 
8397 


1716 
9887 
8239 


1524 
9714 
8083 


1334 
9544 
7929 


1146 
9375 

7776 


0961 
9208 
7625 


32 64 96 
29 68 87 
26 52 78 


129 ICl 
115 144 
104 130 


80 


2-7475 


7326 


7179 


7034 


6889 


6746 


6605 


6464 


6325 


6187 


24 47 71 


95 118 


21 
22 
28 


2-6051 
2-4751 
2-3559 


5916 
4627 
3445 


5782 
4504 
3332 


6649 
4383 
3220 


5517 
4262 
3109 


5386 
4142 
2998 


6257 
4023 
2889 


5129 
3906 
2781 


5002 
3789 
2673 


4876 
3673 
2566 


22 43 66 
20 40 60 
18 37 65 


87 108 
79 99 
74 92 


84 
25 
26 


2-2460 
2-1445 
20503 


2355 
1348 
0413 


2251 
1251 
0323 


2148 
1155 
0233 


2045 
1060 
0145 


1943 
0965 
0057 


1842 
0872 
9970 


1742 
0778 
9883 


1642 
0686 
9797 


1543 
0594 
9711 


17 34 51 
16 31 47 
15 29 44 


68 85 
63 78 
58 73 


27 

28 
29 


1-9626 
1-8807 
1-8040 


9542 
8728 
7966 


9458 
8650 
7893 


9375 
8572 
7820 


9292 
8495 
7747 


9210 
8418 
7675 


9128 
8341 
7603 


9047 
8265 
7532 


8967 
8190 
7461 


8887 
8115 
7391 


14 27 41 
13 26 38 
12 24 36 


55 68 
61 64 
48 60 


80 


1-7321 


7251 


7182 


7113 


7045 


6977 


6909 


6842 


6775 


6709 


11 23 34 


45 56 


81 
82 
88 


1-6643 
1-6003 
1-5399 


6577 
5941 
5340 


6512 
5880 
5282 


6447 
5818 
5224 


6383 
5757 
5166 


6319 
5697 
5108 


6255 
5637 
5051 


6191 
5577 
4994 


6128 
5517 
4938 


606G 
5458 
4882 


11 21 32 
10 20 30 
10 19 29 


43 53 
40 60 
38 48 


34 
85 
86 


1-4826 
1-4281 
1-3764 


4770 
4229 
3713 


4715 
4176 
3663 


4659 
4124 
3613 


4605 
4071 
3564 


4550 
4019 
3514 


4496 
3968 
3465 


4442 
3916 
3416 


4388 
3865 
3367 


4335 
3814 
3319 


9 18 27 
9 17 26 
8 16 25 


36 45 
34 43 
33 41 


87 
88 
89 


1-3270 
1-2799 
1-2349 


3222 
2753 
2305 


3175 
2708 
2261 


3127 
2662 

2218 


3079 
2617 
2174 


3032 
2572 
2131 


2985 
2527 
2088 


2938 
2482 
2045 


2892 
2437 
2002 


2846 
2393 
1960 


8 16 23 
8 15 23 
7 14 22 


31 39 
30 38 
29 36 


40 


1-1918 


1875 


1833 


1792 


1750 


1708 


1667 


1626 


1585 


1544 


7 14 21 


28 34 


41 
42 
43 


11504 
11106 
1-0724 


1463 
1067 
0686 


1423 
1028 
0649 


1383 
0990 
0612 


1343 
0051 
0675 


1303 
0913 
0538 


1263 
0501 


1224 
0837 
0464 


1184 
0799 
0428 


1145 
0761 
0392 


7 13 20 
6 13 19 
6 12 18 


26 33 
25 32 
25 31 


A.4 


1-0355 


0319 


0283 


0247 


0212 


0176 


0141 


0105 


0070 


0035 


6 12 18 


24 30 



-^^•^' —Numbers In difference-columns to be subtracted, not added. 
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— 


6^ 


12' 


IS' 


24^ 


3(y 


36' 


42' 


48' 


54' 


12 3 


4 5 


46' 


10 


0-9965 


09930 


0-9896 


0-9861 


09827 


0^9793 


0-9769 


0-9726 


0-9691 


6 11 17 


23 29 


46 
47 

48 


•9657 
•9325 
•9004 


9623 
9293 
8972 


9590 
9260 
8941 


9666 
9228 
8910 


9623 
9196 

8878 


9490 
9163 
8847 


9467 
9131 
8816 


9424 
9099 

8785 


9391 
9067 
8754 


9358 
9036 
8724 


6 11 17 

5 11 16 

6 10 16 


22 28 
21 27 
21 26 


49 
50 
51 


8693 
•8391 

8098 


8662 
8361 
8069 


8632 
8332 
8040 


8601 
8302 
8012 


8571 
8273 
7983 


8641 
8243 
7964 


8511 

8214 
7926 


8481 
8185 
7898 


8461 
8166 
7869 


8421 
8127 
7841 


6 10 16 

5 10 15 

6 10 14 


20 25 
20 24 
19 24 


52 
58 
54 


'7813 
•7536 
•7265 


7786 
7508 
7239 


7767 
7481 
7212 


7729 
7464 

7186 


7701 
7427 
7169 


7673 
7400 
7133 


7646 
7373 
7107 


7618 
7346 
7080 


7590 
7319 
7054 


7563 

7292 
7028 


6 9 14 
6 9 14 
4 9 13 


18 23 
18 23 
18 22 


55 


•7002 


6976 


6960 


6924 


6899 


6873 


6847 


6822 


6796 


6771 


4 9 13 


17 21 


56 
57 

58 


•6745 
•6494 
•6249 


6720 
6469 
6224 


6694 
6446 
6200 


6669 
6420 
6176 


6644 
6395 
6162 


6619 
6371 
6128 


6594 
6346 
6104 


6569 
6322 
6080 


6544 
6297 
6056 


6519 
6273 
6032 


4 8 13 
4 8 12 
4 8 12 


17 21 
16 20 
16 20 


59 
60 
61 


•6009 
■5774 
•5543 


6986 
6750 
5520 


6961 
6727 
6498 


6938 
6704 
6476 


6914 
6681 
6462 


6890 
6658 
6430 


5867 
6636 
5407 


6844 
6612 
5384 


6820 
6689 
6362 


5797 
5566 
6340 


4 8 12 
4 8 12 
4 8 11 


16 20 
15 19 
15 19 


62 
68 
64 


•5317 
•5095 
•4877 


6295 
6073 
4866 


6272 
5051 
4834 


5250 
6029 
4813 


6228 
6008 
4791 


6206 
4986 
4770 


6184 
4964 
4748 


5161 
4942 
4727 


6139 
4921 
4706 


6117 
4899 
4684 


4 7 11 
4 7 11 
4 7 11 


16 18 
16 18 
14 18 


65 


•4663 


4642 


4621 


4599 


4578 


4557 


4636 


4515 


4494 


4473 


4 7 10 


14 18 


66 
67 
68 


•4452 
•4246 
•4040 


4431 

4224 
4020 


4411 
4204 
4000 


4390 
4183 
3979 


4369 
4163 
3959 


4348 
4142 
3939 


4327 
4122 
3919 


4307 
4101 
3899 


4286 
4061 
3879 


4265 
4061 
3869 


3 7 10 
3 7 10 
3 7 10 


14 17 
14 17 
13 17 


69 
70 
71 


•3839 
•3640 
•3443 


3819 

3620' 

3424 


3799 
3600 
3404 


3779 
3681 
3386 


3759 
3561 
3366 


3739 
3641 
3346 


3719 
3622 
3327 


3699 
3602 
3307 


3679 
3482 
3288 


3659 
3463 
3269 


3 7 10 
3 6 10 
3 6 10 


13 17 
13 17 
13 16 


72 
78 
74 


•3249 
■3067 
•2867 


3230 
3038 
2849 


3211 
3019 
2830 


3191 
3000 
2811 


3172 
2981 
2792 


3153 
2962 
2773 


3134 
2943 
2754 


3116 
2924 
2736 


3096 
2906 
2717 


3076 
2886 
2698 


3 6 10 
3 6 9 
3 6 9 


13 16 
13 16 
13 16 


75 


2679 


2661 


2642 


2623 


2606 


2686 


2568 


2549 


2530 


2612 


3 6 9 


12 16 


76 

77 
78 


•2493 
•2309 
•21fi6 


2476 
2290 
2107 


2466 
2272 
2089 


2438 
2254 
2071 


2419 
2236 
2063 


2401 
2217 
2035 


2382 
2199 
2016 


2364 
2180 
1998 


2345 
2162 
1980 


2327 

2144 
1962 


3 6 9 
3 6 9 
3 6 9 


12 15 
12 15 
12 15 


79 
80 

81 


■1944 
•1763 
•1684 


1926 
1745 
1566 


1908 
1727 
1548 


1890 
1709 
1630 


1871 
1691 
1612 


1863 
1673 
1496 


1835 
1665 
1477 


1817 
1638 
1469 


1799 
1620 
1441 


1781 
1602 
1423 


3 6 9 
3 6 9 
3 6 9 


12 15 
12 15 
12 15 


82 
88 
84 


•1405 
•1228 
•1051 


1388 
1210 
1033 


1370 
1192 
1016 


1362 
1176 
0998 


1334 
1157 
0981 


1317 
1139 
0963 


1299 
1122 
0945 


1281 
1104 
0928 


1263 
1086 
0910 


1246 
1069 
0892 


3 6 9 
3 6 9 
3 6 9 


12 15 
12 15 
12 15 


85 


•0875 


0867 


0840 


0822 


0806 


0787 


0769 


0762 


0734 


0717 


3 6 9 


12 15 


86 

87 
88 


•0699 
•0624 
•0349 


0682 
0507 
0332 


0664 
0489 
0314 


0647 
0472 
0297 


0629 
0464 
0279 


0612 
0437 
0262 


0694 
0419 
0244 


0677 
(JId2 
0227 


0559 
0384 
0200 


0642 
0367 
0192 


3 6 9 
3 6 9 
3 6 9 


12 16 
12 16 
12 16 


89 


•0175 


0167 


0140 


0122 


0105 


0087 


0070 


0052 


0036 


0017 


3 6 9 


12 14 



2f.B, — Numbers in difference-columns to be subtracted, not added. 
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PAOB 

Amalgamation of zino .... 67 

Archimedes* principle 27 

Balance, description of .... 18 

ratio of arms of 23 

rules for use of 20 

sensibility of 22 

weighing with 22 

Ballistic galvanometer .71 

Barometer, description of ... . 9 

corrections to reading of . . . 10 
tables of corrections for . . 154, 155 

Batteries, chromic acid 65 

LeClanch^ 65 

gravity 63 

storage 61 

water 144 

Boiling-point, determination of . . 50 

Boiling-points, table of 157 

Bottle, specitic gravity 26 

CalculationB with small qnanti- 

ties 123 

Caliper, micrometer 11 

Candle-power 103 

Capacities, specitic inductive, table 

of 171 

Cathetometer 16 

Capillary constant 44 

Capillary depression of mercury, 

table of 154 

Cell standard 143 

Cells, galvanic, see Batteries. 

arrangement of 65 

Cements 142 

Coincidences, time of vibration by . 31 

CoUimation, line of 17 

Collimator of spectrometer ... 108 

Conductivity, electric, specUlo . . 89 

thermal, table of 161 



PAOB 

Connections, electrical 67 

Commutator 06 

Computation of results 3 

with small quantities .... 123 
Constant of a tangent galvanom- 
eter 91 

Constants, computation of by least 

squares 124 

tables of, astronomical. ... 176 

geodetical 175 

magnetic of U. S 172 

numerical 175 

physical 176 

Curvature of a lens 13, 104 

Curves, directions for plotting . . 3 



D'Araonval galvanometer . . . 
Differential galvanometer . . . ( 
Dimensions of physical quantities . 

Dividing engine ' . ', . 

Density defined 

of a gas by Meyer's method . . 
of a liquid with bottle .... 
of a liquid by immersion . . . 
of a regular solid by dimensions 
of an irregular solid by immer- 
sion 

tables of, for air . . 
gases . 
liquids 
solids . 
solutions 
water . 
Dew point, determination of 



70 



180 
16 



148, 



151 
149 
149 
150 
151 
61 



{95 



Elastioity, modulus of,— 

by bending 88 

by stretching 34 

torsional 39 

of solids, table of 163 
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INDEX, 



FAGB 

Electrioifcy and Magnetism, intro- 
duction to 62 

Electrometer, quadrant 96 

£delmann*B. ... 97 

Electromotive force, by comparison, 96 

with electrometer, 96 

of cells, table of .. 169 

Electro-chemical equivalents, 

table of . . . ., 173 

Errors of observation 1 

discussion of 121 

Expansion, thermal, coefficient of, 

tables 160 

Extension, measurement of . . . 7-18 

Fall of potential, resistance by . . 84 

Fibres, quartz, — 

directions for drawing .... 138 

mounting ... 139 

silvering ... 139 

soldering ... 140 

Fraunhofer*8 lines 113 

tables of 167 

Freezing-mixtures table of ... 162 
Freezing-point of water .... 

Freezing-points, table of .... 157 
Friction, molecular ; see Viscosity, 

Fusion, heat of 56 

tables of 158 

Gkdvanoxneter, calibration of . . 91 

description of ballistic ... 71 

D'Arsonval . . 70 
differential . 69, 89 

mirror .... 93 

pointer .... 67 

tangent. ... 91 

Oauge, micrometer 11 

vernier 8 

Glass, directions for working . . 132 
silvering . . 135 
Gravity, acceleration of, with sim- 
ple pendulum 3 

Gravity, specific ; see Density . . 

Graphic representation 4 

Heat, expansion coefficient of . . 51 

latent, of fusion 54 

of vaporization . ... 56 

tables of 152 

specific 54 

table of 159 



PAGB 

Hydrometer scales, tables for re- 
duction of 149 

Hygrometer, Danieirs 61 

Hygrometry 60 

table for 154 

Humidity 61 

Imzneraion, density by 28 

Index of refraction of a prism . . 110 

Indices of refraction, table of . . 169 
Inductive capacity, specific, table 

of 171 

Inertia, moments of, — 

formulas for 40 

determination of, with torsion 

pendulum 41 

^flnitesimals, calculations involv- 
ing 123 

Interpolation, graphic 6 

Latent heat, of fusion 54 

of vaporization . . 56 

tables of ... 152 

Least squares, computation by . . 124 

Lenses, focal distance of ..... 105 

optical centre of 107 

radius of curvature of, 

with spherometer .... 13 

with telescope ...... 104 

Lever, optical 34 

Light, wave length of 115 

photometry 102 

polarizer 117 

Logarithms, use of tables .... 181 

tables 184 

Magnifying power of optical in- 
struments 107 

Magnetic constants for U. S. . . . 172 

inclination 72 

Magnetism, horizontal intensity of 

earth's field 73 

Manipulations with glass .... 132 

mercury ... 144 

solder. ... 140 

Mass, measurement of 18 

Melting-points, table of 157 

Mercury, capillary depression, of, 

table 154 

directions for cleanixig .... 141 

surface tension of 46 



INDEX. 
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PAGE 

Metiio units, conversion to EngUsli, 177 

Micrometer gauge 11 

Micrometer, filar 14 

Middle elongations, time of vibra- 
tion by 41 

Mirror and scale 34, 62 

Modulus of elasticity, Young's, — 

by bending 38 

stretching 34 

torsional 39 

Moments of Inertia, — 40 

formulas for determination of . 41 

Newton's rings, colors of .... 168 

Notebook, suggestions concerning, 3 

Observations, errors of . . . 1, 123 

rejection of 2 

relative importance of ... . 2 

Optical lever 34, 62 

Oscillation, time of, — 

by coincidences 31 

by middle elongations .... 41 

reduction to small arc ... 165 

Parallaz, error of 1 

Pendulum, simple, determination 

of ^ by 31 

correction for moment of ball . 33 

torsional, period of 38 

Photometer, Bunsen's 102 

Joly's 103 

Pitch, of a tuning fork, by siren . 101 

Prism, measurement of angle of . 109 

index of refraction of . . . . 110 

Potential, resistance by fall of . . 84 

Polarization of light, plane . . . 117 

circular . . 118 

Psychrometer, August's GO 

Quartz fibres, — 

directions for drawing .... 138 

mounting .... 139 

silvering 139 

soldering 140 

Befraotion, index of no 

indices of, tables of . 169 

Resistance-box, description of . . 71 
Resistance, electrical, of a battery, 

by alternating current .... 88 



PAOK 

Resistance, electrical, of a battery, 

by Mances' method 81 

Ohm's method 83 

of an electrolyte 87 

of a galvanometer by Thomson's 

method 80 

of a metallic conductor — 

by differential galvanometer, 89 

substitution 77 

Wheatstone's bridge . . 78 

specific, by fall of potential . . 84 

temperature, coefficient of . . 86 

table of specific 170 

Results, discussion of .... 3, 121 

Rotation of plane of polarization . 118 

Saccharimetry 118 

Shunts, law of 71 

Soldering, directions for .... 140 

quartz fibres 140 

Sound, pitch of, by siren .... 101 

tables 164 

velocity in air 100 

in solids .... 99 

tables 164 

Specific gravity, see Density ... 54 

heat 159 

inductive capacity .... 171 

Spectra, kinds of 112 

tables of 166 

Spectrometer, angle of prism with, 160 

Spectroscope 113 

Spectrum, diffraction 116 

solar 113 

analysis 112 

Spherometer, description of . . . 112 

thickness with ... 13 

curvature with ... 13 

Squares, least, discussion of ... 124 

Standard cell, construction of . . 143 

Sugar, per cent of, in a solution . 118 

Surface tension of water .... 44 

of mercury ... 46 

table of 162 

Siren, pitch of fork with .... 101 

Switch, reversing 66 

Tables 147 

barometer corrections .... 155 

capillarity 162 

capillary depression of mercury 541 

constants 176,176 
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INDEX. 



T»)dM {eonHnued ) — pack 

density 14»-153 

dimensiona of physical quanti- 
ties 180,181 

elasticity 163 

electricity 170,171 

beat U»7>1G2 

bygrometry 154 

light 166-169 

logarithms 181 

magnetism 172-174 

sound 164 

thermometer corrections ... 156 

units 177-179 

viscosity 163 

weight in vacuo 153 

Tangent galvanometer 91 

Telescope, line of collimation of 17 

magnifying power of . . 107 

and scale 34, 62 

Tenths, estimation of 3 

Temperatures, critical 158 

Tension, surface, of water .... 44 

of mercury ... 46 

table of .... 162 

Thermometer, calibration of . . . 48 

table of corrections 

for 156 

wet and dry bulb 61 

Time of periodic motion — 

by coincidences 31 

middle elongations 31 

Torsional elasticity 39 

Torsional pendulum 38 

Tuning-fork, pitch of with siren . 101 



PAGE 

Units, conversion of English to me- 
tric 178 

conversion of metric to English, 177 

Vapor density, determination of . 28 

Vaporization, heat of 5G 

table 158 

Vernier, circular 109 

straight 7 

gauge 8 

Vibration number — 

of a fork 101 

of musical notes 164 

Vibration, period of — 

by coincidences 31 

by middle elongations .... 31 

reduction to small arc .... 165 

Viscosity of liquids 46 

table of 163 

Volume — 

of irr^ular solid 27 

a gas at different tempera- 
tures 153 

water at different temperatures, 151 

Water battery, directions for mak- 
ing 144 

Wave length of light 116 

table 167 

Wheatstone's bridge 78 

box form 88 

!, amalgamation of 67 
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